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Part I: Organic Reactions in Non-Conventional Solvents 
 
Asymmetric Mannich-type reaction in methanol and ionic liquids, respectively, 
using indium(III)-complexes as catalyst was successfully accomplished (Scheme 1). 
Using methanol or ionic liquids, the Mannich-type reaction works well with both 
enolizable and non-enolizable aldehydes as well as aliphatic amines. It was found that, 










up to > 99% de





Scheme 1. In(III)-complexes-catalyzed asymmetric Mannich-type reaction. 
 
In our investigation, derivatives of natural compounds, L-amino acids, were 
used as chiral reagents in the asymmetric Mannich-type reaction. We found that L-
valine methyl ester was an excellent chiral reagent. Using L-valine methyl ester as the 
chiral amine, high diastereoselectivities (up to 99% de) were obtained. 
 
 The design and synthesis of a new chiral auxiliary 3a (Figure 1) for the 
asymmetric Mannich-type reaction in water was reported. The chiral auxiliary was 
synthesized in five steps from commercially available 2,3-dihyroxysuccinic acid 
dimethyl ester. Preliminary studies using the chiral auxiliary were carried out under 
  
Summary                                                                                                                     vi 
both anhydrous and aqueous conditions, catalyzed by indium trichloride. Yields of the 
reactions were good but selectivities were only moderate.  
 
 The chiral auxiliary was also successfully attached onto the amine component 
for the investigations of the three-component Mannich-type reactions (Figure 1). The 
X-ray crystal structure of the chiral amine 14 showed that the phenyl group of the 
chiral auxiliary, although positioned in the same direction as the amine functionality, 
was not able to block one face of the amine group completely. Thus, this explained 



















Figure 1. Chiral auxiliary 3a and chiral amine 14. 
 
In chapter 3, we reported the first Mukaiyama aldol reaction using [omim]Cl 
in the absence of catalyst. This method works well with a wide range of aldehydes 


















Scheme 2.  Mukaiyama aldol reaction using [omim]Cl. 
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 To increase the effectiveness of this system, we designed a polar ionic liquid 
15 by mixing [hmim]Cl and ionic solid 14 (Scheme 3). Using this newly designed 
ionic liquid 15, we successfully increased the efficiency of the Mukaiyama aldol 
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Part II: New Approach to the Formation of Bishomoallylic Alcohols – Synthesis of 
(R)-Sulcatol 
 
The regioselectivitives of nickel-catalyzed homoallylation using 4-
methylpenta-1,3-diene with various aldehydes has been studied. The versatility of the 
bishomoallylic alcohols encouraged us to develop an asymmetric method to 
synthesize this class of alcohols. We have successfully established a highly effective 
chemical kinetic resolution of bishomoallylic alcohols (Scheme 4). A remarkable 
remote 1,4-stereo communication in In(OTf)3-catalyzed oxonium ene-type cyclization 
was unveiled. Based on this stereochemical feature, the racemic mixture of 
bishomoallylic alcohols was resolved in high enantioselectivities. The effectiveness of 
this kinetic resolution was demonstrated in a one-step synthesis of (R)-sulcatol with 
over 98% ee. Although high enantioselectivities were achieved, there were some 















resolved alc >99% ee
 
Scheme 4. A highly effective kinetic resolution of bishomoallylic alcohols. 
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1.1 Introduction 
 
Chemistry, through profound to many individuals, is constantly in close 
contact with our daily life. From a shopping carrier which we often take for granted, 
to advanced therapeutic medicines for chronically ill patients, knowledge in chemistry 
is critical in development of technologies and materials that can make significant 
impact in life of human beings. 
 
Organic synthesis is one of the most important branches of chemistry. It plays 
an important role in the process of making carbon-based materials such as 
pharmaceuticals that can cure or prevent diseases, antifertility agents for population 
control, insecticides, pesticides, plant and animal hormones to increase food 
production and nutritional quality, polymers, fabrics, dyes and cosmetics.  
 
Despite extensive global research effort, most of the organic reactions are still 
carried out in conventional organic solvents. The use of organic solvents is extremely 
widespread in industry and, while the degree of hazard may vary, all solvents are 
considered potentially hazardous. The toxicities of some of the conventional organic 
solvents are listed as followed: 1 
(1) Benzene – It is a known carcinogen. Short-term exposure to high levels of 
benzene causes drowsiness, dizziness, loss of conciousness and death. 
(2) Carbon tetrachloride / chloroform – Both of these agents induce significant 
hepatotoxicity, including terminal liver and kidney necrosis.  
                                                  
1
 J.T.Baker Material Safety Data Sheets on http://www.jtbaker.com/asp/catalog.asp  
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(3) Methylene chloride – Exposed workers are subject to developing heart disease. 
It also causes several types of tumors in animals and is considered 
carcinogenic by the International Agency for Research on Cancer. Methylene 
chloride is metabolized to carbon monoxide. 
(4) Toluene – Tremor, ataxia and memory impairment are the most common 
reported symptoms, but cardiac arrhythmias, decrease sense of smell, optic 
atrophy, hearing impairment, and peripheral neuropathy may also occur. 
Long-term exposure has been associated with neuropsychiatric symptoms. 
(5) N,N-dimethylformamide – it causes teratogenic (produces physical defects in 
unborn) animals. 
(6) Ethyl ether – Primary effect of exposure is narcosis and general anaesthesia. It 
is hepatatoxic (toxic to liver). 
 
In addition, the synthesis of materials or drugs is often focused on yield, 
quality and efficiency. When the technology is transferred from laboratory to plant 
scale, disposal of waste chemicals may be a painstaking issue. If not handled carefully, 
this may cause serious environmental problems such as pollutions and unseating the 
ecological system. 
 
With this awareness, the discovery of more efficient and safer methods is 
hence most welcomed. Therefore, the development of more environmentally friendly 
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1.2 Green Chemistry 
 
The Green Chemistry Movement was started by the US Environmental 
Protection Agency (EPA), aiming to encourage both industry and academia to use 
concepts in chemistry for pollution prevention. The goal of green chemistry is to 
reduce the hazards associated with products and the processes that are essential not 
only to maintain the quality of life achieved by society through chemistry, but also to 
further advance the technological achievement of chemistry.  
 
Green Chemistry 2  is considered as the most important framework in 
accomplishing pollution prevention. Pollution prevention is an approach to address 
environmental issues that involves prevention of waste production. By offering 
environmentally benign alternatives to replace industrial processes that often involve 
toxic chemicals, green chemistry promotes pollution prevention at the molecular level 
in a variety of ways, such as using renewable resources, replacing organic solvents 
with more benign solvents, designing products that degrade into harmless substances, 
and using less toxic reagents. According to EPA, green chemistry technologies can be 
categorized into one or more of the following three focus areas: 
1) The use of alternative synthetic pathways for green chemistry such as: 
• catalysis/biocatalysis, 
• Natural processes, such as photochemistry and biomimetic synthesis, or 
                                                  
2
 For some interesting reviews: (a) Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice, 
Oxford University Press, Oxford, 1998. (b)  Anastas P. T.; Williamson, T. C. Green Chemistry: 
Frontiers in Benign Chemical Syntheses and Processes, Oxford University Press, Oxford, 1998. (c) 
Clark, J.; Macquarrie, D. Handbook of Green Chemistry and Technology, Blackwell Science, Malden, 
MA, 2002. 
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• Alternative feedstocks that are more innocuous and renewable (e.g. biomass) 
than current feedstocks. 
2) The use of alternative reaction conditions for green chemistry, such as: 
• Use of solvents that have a reduced impact on human health and the 
environment, or 
• Increased selectivity that reduces wastes and emissions. 
3) The design of safer chemicals that are, for example: 
• Less toxic than current alternatives, or 
• Inherently safer and less vulnerable to accidents. 
 
Green chemistry aims for perfection. Only by going through continual 
incremental improvements, can the objectives of green chemistry be achieved. It is a 
mission for the new generation of scientists, as a quote from Denison3: “As a new 
generation of scientists and engineers, we need to recognize that our actions and 
decisions will affect the future well being of our planet. While we have the tools to 
create products and processes that improve our quality of life, we must consciously 
make choices to ensure that our actions do not endanger life or the environment 
around us. We strongly believe that by applying the principles of green chemistry to 
all aspects of science and engineering, we can continue to improve the society in 
which we live without simultaneously harming it.” 
 
To achieve this goal, many strategies have been devised and investigated, 
especially by replacing the traditional organic solvents with other non-toxic solvents 
such as water or ionic liquids.  
                                                  
3
 Anderson, D.; Anthony, J. A.; Chanda, A.; Denison, G.; Drolet, M.; Fort, D.; Joselevich, M.;  
Whitfield, J. R. Green Chemistry 2004, G5. 
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1.3 Water 
  
Water is the basis and bearer of life in nature. In the last decade, organic 
reactions in water or aqueous medium have attracted great attention and received 
much recognition.4,5 This is due to the many economical, as well as environmental 
advantages water has to offer as a quintessentially benign solvent from the 
environment. 
 
 Water is inexpensive, readily available, environmentally non-hazardous, non-
toxic and non-flammable. The handling of flammable or toxic organic solvents, the 
tedious task of distilling and preparing anhydrous solvents, the maintenance of a 
constant dehydrated and inert atmosphere, and the drying of reaction vessels, will 
cease to exist. Consequently, reactions are simplified and operation costs lowered. 
Waste disposal problems can thus be reduced, as can environmental pollution. This 
allows for large-scale industrial processes to be carried out easily, efficiently and 
more economically. 
 
 Organometallic reactions conducted in aqueous medium will prelude the need 
for protection-deprotection tactics for a number of functional groups such as the 
reactive hydroxyl groups. This is a considerable advantage in carbohydrate, 
nucleotide or peptide chemistry that conventionally requires the use of non-protic 
solvents and protected sugar-matrices. 
 
                                                  
4
 Lubineau, A.; Auge, J. Top. Curr. Chem. 1999, 206, 1. 
5
 Li, C. J. Chem. Rev. 1993, 93, 2023. 
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 Another advantage is that water-soluble compounds or conpounds containing 
water of crystallization can be used directly without further treatment. Reagents that 
are commercially supplied as water solutions, such as the formaldehyde, will be 
appropriate for direct use, thus avoiding the troublesome purification and dehydration 
process. 
 
 In addition, water can facilitate ligand exchange in transition metal-catalyzed 
reactions and hydrophobic effects on the organic reactions may lead to greater rate 
enhancement and improved stereoselctivities. Last but not least, water-soluble 
catalysts can be reused after filtration, decantation or extraction of the water-insoluble 
products from the reaction system. 
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1.4 Ionic Liquids 
 
 Ionic liquids are a class of unconventional solvent which recently received 
great recognization in organic synthesis. 
 
 The entire molecular framework of ionic liquids is made up of ions. Molten 
sodium chloride, for example, is an ionic liquid but a solution of sodium chloride in 
water is an ionic solution. The term molten salts, which was previously used to 
describe such materials, suggests an image of high-temperature, viscous and highly 
corrosive media. The term ionic liquid, in contrast, refers to a material that is fluid at 
temperature as low as −96 °C, colourless and is easily handled with a low viscosity. In 
the patent and academic literature, the term “ionic liquids” now refers to liquids 
composed entirely of ions that are fluid around or below 100 °C. 
 
 Ionic liquids are not new. Some of them have been know for many years, for 
instance ethylammonium nitrite, [EtNH3][NO3], which has a melting point of 12 °C, 
was first known in 1914.6 For some time, it was proposed that these ionic liquids 
provide a useful extension to the range of solvents that are available for synthetic 
chemistry. However, only recently, has research into ionic liquids blossomed. One of 
the primary driving forces is the perceived benefit of substituting traditional industrial 
solvents, most of which are volatile organic compounds (VOCs), with nonvolatile 
ionic liquids. Replacement of conventional solvents by ionic liquids would prevent 
the emission of volatile organic compounds, a major source of environment pollution. 
Ionic liquids are not intrinsically “green” (some are extremely toxic), but they can be 
                                                  
6
 (a) Walden, P. Bull. Acad. Imper. Sci. (St. Petersburg) 1914, 5, 185. (b) Sugden, S. Wlkins, H. J. Am. 
Chem. Soc. 1929, 1291 and the references cited therein. 
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designed to be environmentally friendly, with many potential benefits for sustainable 
chemistry.7 
 
Ionic liquids also exhibit many properties which make them potentially 
attractive media for conducting chemical synthesis and catalysis:8 
(1) They have no vapour pressure and therefore do not evaporate. This means they 
do not escape into the environment like volatile organic solvents and they 
allow easy removal of organic compounds (i.e. reaction products) from the 
ionic liquid under vacuum or by distillation. 
(2) They have favourable thermal stabilities over a large range. Most of them melt 
below room temperature and only start to decompose above 300 or 400 °C 
which gives a temperature range three or four times that of water which is 
used as a common solvent. 
(3) Ionic liquids have polarities comparable to lower alcohols, 9  but, unlike 
alcohols and other polar solvents, they are essentially non-coordinating 
(occasionally weekly coordination, depending on the anion). One distinct 
advantage over conventional solvents is that they do not coordinate to metal 
centres, rendering them a good choice for immobilize sensitive transition 
metal catalysts.  
(4) They dissolve a wide range of organic, inorganic, and organometallic 
compounds and can even support biocatalysts. 
                                                  
7
 Freemantle, M. Chem. Eng. News 1998, 76, 32. 
8
 (a) Sheldon, R. A. Chem. Commun. 2001, 2399. (b) Dupont, J.; de Souza, S. F.; Suarez, P. A. Z. 
Chem. Rev. 2002, 102, 3667. 
9
 Armstrong, D. W.; He, L. F.; Liu, Y.-S. Anal. Chem. 1999, 71, 3873. 
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(5) The solubility of gases, e.g. H2, CO and O2, in ionic liquids is generally good 
which makes them attractive solvents for catalytic hydrogenation, 
carbonylations, and hydroformylations. 
(6) They are immiscible with some organic solvents, e.g. alkanes, and, hence, can 
be used in two-phase systems.  
(7) Ionic liquids have been referred to as “designer solvents”. This is because the 
polarity and hydrophilicity/lipophilicity can be controlled by careful selection 
of cations/anion. Moreover, the ionic liquids can be designed and tuned to 
optimize yield, selectivity, substrate solubility, product separation, and even 
enantioselectivity. 
(8) While very little toxicity data are available, it would appear that many ionic 
liquids are nontoxic. 
 
Because research into ionic liquids is at an early stage, many of their 
properties remain to be uncovered. Nevertheless, ionic liquids are potentially viable 
solvents for organic synthesis. Ionic liquids give promising results in the 
investigations of many organic reactions, such as hydrogenation, 10 
hydroformylation, 11  Friedel-Crafts acylation, 12  Diels-Alder reaction, 13  asymmetric 
                                                  
10
 Some examples for the hydrogenation using ionic liquids: (a) Chauvin, Y.; Mussman, L.; Olivier, H. 
Angew. Chem. Int., Ed. Engl. 1995, 34, 2698. (b) Suarez, P. A. Z.; Dullins, J. E. L.; Einloft, S.; de 
Souza, R. F.; Dupont, J. Polyhedron 1996, 15, 1217. (c) Dyson, P. J.; Ellis, D. J.; Parker, D. G.; Welton, 
T. Chem. Commun. 1999, 25. (d) Monteiro, A. L.; Zinn, F. K.; de Souza, R. F.; Dupont, J. Tetrahedron: 
Asymmetry 1997, 8, 177. (e) Brown, R. A.; Pollet, P.; McKoon, E.; Eckert, C. A.; Liotta, C. L.; Jessop, 
P. G. J. Am. Chem. Soc. 2001, 123, 1254. 
11
 Some examples for the hydroformylation in ionic liquids: (a) Kuntz, E. G. CHEMTECH 1987, 570. 
(b) Knifton, E. G. J. Mol. Catal. 1987, 43, 65. (c) van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. 
N. H.; Dierkes, P. Chem. Rev. 2000, 100. (d) Favre, F.; Olivier-Bourbigou, H.; Commereuc, D.; 
Saussine, L. Chem. Commun. 2001, 1360. (e) Keim, W.; Vogt, D.; Waffenschmidt, H.; Wasserscheid, 
P. J. Catal. 1999, 186, 481. 
12
 Some examples for the Friedel-Crafts acylation in ionic liquids: (a) Boon, J. A.; Levisky, A.; Pflug, J. 
L.; Wilkes, J. S. J. Org. Chem. 1986, 51, 480. (b) Qiao, K.; Deng, Y. J. Mol. Catal. A: Chemical 2001, 
171, 81. (c) DeCastro, C.; Sauvage, E.; Valkenberg, M. H.; Hölderich, W. F. J. Catal. 2000, 196, 86. (d) 
Adams, C. J.; Earle, M. J.; Roberts, G.; Seddon, K. R. Chem. Commun. 1998, 2097. 
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allylation reactions, 14  asymmetric epoxidation of alkenes, 15  and asymmetric ring-
opening of epoxides.16 
 
Recently, our group developed an L-proline catalyzed direct asymmetric aldol 
reaction in ionic liquids (Scheme 5).17 The direct aldol reaction of benzaldehyde and 
propanone in different ionic liquids ([hmim]BF4, [omim]BF4, [omim]Cl, and 
[bmim]PF6) were examined. All of them gave the desired aldol product but only 
[bmim]PF6 avoided the formation of the competing elimination product. Regardless 
of the ionic liquids used, the enantiomeric ratios were comparable or higher than those 
obtained in DMSO, which was used as the reference solvent. Extending the reaction 
in [bmim]PF6 to various aldehydes (aromatic and aliphatic derivatives) afforded the 
aldol products in good yields with moderate to excellent ee values (69 to 89% ee). In 
addition, the ionic liquid containing the L-proline can be recycled and reused up to 




R = Ph, Naphtyl







[bmim]PF6-, rt, 25 h
58-72% yield
up to 89% ee
 
Scheme 5. L-Proline in an ionic liquid as an efficient and reusable catalyst for direct asymmetric aldol 
reactions. 
 
With this preliminary result, we envisaged that ionic liquids will be a useful 
green alternative to replace the organic solvents used in organic transformations. Due 
                                                  
13
 Some examples for the Diels-Alder reaction in ionic liquids: (a) Jaeger, D. A.; Tucker, C. E. 
Tetrahedron Lett. 1989, 30, 1785. (b) Fischer, T.; Sethi, A.; Welton, T.; Woolf, J. Tetrahedron Lett. 
1999, 40, 793. 
14
 McCluskey, A.; Garner, J.; Young, D. J.; Caballero, S. Tetrahedron Lett. 2000, 41, 8147. 
15
 Song, C. E.; Roh, E. J. Chem. Commun. 2000, 837. 
16
 Song, C. E.; Oh, C. R.; Roh, E. J. Choo, D. J. Chem. Commun. 2000, 1743. 
17
 Loh, T. P.; Feng, L. -C.; Yang, H. -Y.; Yang, J. -Y. Tetrahedron Lett. 2002, 43, 8741. 
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to their unique properties, we believed that ionic liquids will provide interesting 
perspectives of how green chemistry can be integrated into organic chemistry.  
 
Therefore, in this thesis, we will aim to develop truly environmentally friendly 
processes. We began our investigation with two very important C−C bond formation 
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2.1 Introduction − Mannich-Type Reaction 
  
In 1912, the enormous significance of the aminoalkylation of CH-acidic 
compounds was first recognized by Carl Mannich. The Mannich reaction is now one 
of the most important classical methods for the preparation of β-amino ketones and 
aldehydes (Mannich bases). This reaction has since developed into one of the most 
important C−C bond formation reactions in organic chemistry. It is often used as the 
key step in numerous pharmaceutical production processes and in the synthesis of 
natural products. It is also well established in macromolecular chemistry.1  
 
The classical Mannich reaction is a three-component condensation whereby a 
compound containing an active hydrogen atom, usually an enolizable aldehyde or 
ketone, is allowed to react with formaldehyde and a secondary amine in a protic 
solvent. A simplified mechanism is given in Scheme 6.  
 

















Scheme 6. Simplified mechanism of the classical Mannich reaction. 
 
 The formation of both a C−C bond and a C−N bond enables three different 
molecules to be bonded together in one step. This makes the Mannich reaction an 
                                                  
1
 Tramontini, M.; Angiolini, L. Mannich Bases: Chemsitry and User; CRC press: Florida, 1994 and 
references therein. 
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extremely useful transformation. Furthermore, Mannich bases are also versatile 
synthetic building blocks, since they can be easily converted into a wide range of 


























Scheme 7. Mannich bases as synthetic building blocks. 
 
 Mannich bases and their derivatives have many attractive applications in 
industry, for example in paint and polymer chemistry (hardeners, cross-linkers, and 
reaction accelerations).1 However, the most important application is still in the field of 
pharmaceutical research.1,2 These include drugs like Tramadol (analgesic), Osnervan 
(anti-parkinsonic), Moban (neuroleptic), Falicain (anaesthetic) and Be-2254 (anti-
hypertensive), as presented in Figure 2, and also the synthesis of pharmacologically 
active derivatives and modification of known drugs.3 
 
                                                  
2
 Arend, M.; Wester, B.; Rish, N. Angew. Chem., Int. Ed. 1998, 37, 1044. 
3
 (a) Traxler, P.; Trinks, U; Buchdunger, E.; Mett, H.; Meyer, T.; Müller, M.; Regenass, U.; Rösel, J.; 
Lydon, N. J. Med. Chem. 1995, 38, 2441. (b) Dimmock, J. R.; Sidhu, K. K.; Chen, M.; Reid, R. S.; 
Allen, T. M.; Kao, G. Y.; Truitt, G. A. Eur. J. Med. Chem. 1993, 28, 313. 
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Figure 2. Application of Mannich bases and their derivatives in medicine. 
 
 Hence, the versatility of the Mannich reaction, along with the remarkable 
possibilities of exploiting the reactivity of Mannich bases in producing further 
derivatives, makes it possible to attain readily the most varied chemical structures in 
conformity with the practical requirements and applications needed in industry. 
  
To date, there have been two major advances in the syntheses of Mannich 
bases, these being the development of extremely mild reactions conditions and the 
effective control of regio- and stereoselectivity.1,2,4 
  
Modern versions of the Mannich reaction usually involve the use of pre-
formed iminium salts, imines5 and enol ethers.6 As compared to the classical Mannich 
reaction conditions, these pre-formed reagents guarantee a higher concentration of the 
                                                  
4
 Volkmann, R. A.; In Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I.; Schreiber, S. L.; 
Eds: Pergamon Press: Oxford, 1991, vol. 1, chapter 1, p355. 
5
 Kleinman, E. F. In Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I.; Heathcock, C.H. 
Eds.: Pergamon Press: Oxford, 1991, vol. 2, chapter 4, p893. 
6
 (a) Hooz, J.; Oudenes, J.; Roberts, J. L.; Benderly, A. J. Org. Chem. 1987, 52, 1347. (b) Hooz, J.; 
Bridson, J. N. J. Am. Chem. Soc. 1973, 95, 602. (d) Kobayashi, S.; Ishitani, H.; J. Chem. Soc. Chem. 
Commun. 1995, 1379. 
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electrophile, leading to lower reaction temperatures and shorter experimental times. 
Thus, many undesired side reactions are avoided, even with sensitive substrates. 
Furthermore, the use of protic solvents can be avoided. This allows the carbonyl 
component to be replaced with a much more reactive synthetic equivalent such as an 
enolate. This widely extends the scope of the reaction to include sterically very 
demanding substrates or carboxylic acid derivatives, that normally fail under the 
classical conditions. On top of that, the reaction is no longer restricted to 
aminomethylation, as aminoalkylation is also possible. 
 
 The first report of silyl enolates participating in a Mannich reaction is found in 




















Scheme 8.  Synthesis of (±)-vincamine. 
 
In 1997, Kobayashi et al. reported the first catalytic enantioselective Mannich-
type reactions of aldimines with silyl enolates using a novel zirconium catalyst 
                                                  
7
 Kleinman, E. F. In Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I.; Heathcock, C. H.; 
Eds.: Pergamon Press: Oxford,  1991, vol. 2, chapter 4, p1015. 
8
 Oppolozer, W.; Hauth, H.; Pfaffli, P.; Wenger, R. Helv. Chim. Acta. 1977, 60, 1801. 
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(Scheme 9).9 High levels of enantioselectivities in the synthesis of β-amino ester 
derivatives have been achieved using small amount of N-methylimidazole (NMI) 
additive. The zirconium catalyst was effective for the catalytic activation of aldimines. 
Recently, they moved one step ahead toward the green chemistry and reported a 
catalytic asymmetric Mannich-type reaction in aqueous media using the combination 
of zinc fluoride and a chiral diamine ligand, as presented in Scheme 10.10  High 
enantioselectivities were obtained ranging from 85−94% ee. They have also found 
that the use of water and a small amount of TfOH were essential for this reaction to 





























X = H, Br
up to > 98 %ee
 




                                                  
9
 (a) Ishitani, H.; Ueno, M.; Kobayashi, S.  J. Am. Chem. Soc. 1997, 119, 7154. (b) Ishitani, H.; Ueno, 
M.; Kobayashi, S. J. Am. Chem. Soc. 2000, 122, 8180. 
10
 Kobayashi, S.; Hamado, T.; Manabe, K. J. Am. Chem. Soc. 2002, 124, 5640. 
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Scheme 10. The catalytic asymmetric Mannich-type reaction in aqueous media. 
  
Optically active palladium complexes were also used to catalyze the 
asymmetric addition of enol silyl ethers to imines. Sodeoka et al. developed an 
enantioselective Mannich-type reaction of enol silyl ethers with imines catalyzed by 
the chiral binuclear µ-hydroxo palladium(II) complex to obtain highly optically active 


























Scheme 11. Enantioselective addition of enol silyl ethers to imines catalyzed by palladium complexes. 
 
                                                  
11
 (a) Hagiwara, E.; Fujii. A.; Sodeoka, M.  J. Am. Chem. Soc. 1998, 120, 2474. (b) Fujii, A.; Hagiwara, 
E.; Sodeoka, M. J. Am. Chem. Soc.1999, 121, 5450. 
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 Studies were also done using phosphine complexes12 and urea derivatives13 as 
catalyst in Mannich-type reaction. In both cases, excellent enantioselectivities were 
achieved. 
 
Using Lewis acids as catalyst, Kobayashi and his co-workers reported the 
discovery of a highly efficient one-pot preparation of β-amino esters using lanthanide 
triflates in the presence of active 4Å molecular sieves or anhydrous magnesium 
sulfate. 14  Cozzi and co-workers further applied this methodology to the reaction 
between silyl enolates and chiral imines with satisfactory results, obtaining the 
Mannich base products in high diastereoselectivity15 (Scheme 12). In both works, the 
imines were generated in situ from their respective aldehydes and amines and reacted 











i-Pr+ Yb(OTf)3, 5 mol%
MgSO4, CH2Cl2, rt
 
Scheme 12.  Mannich reaction using lanthanide triflate with high diastereoselectivity. 
 
 The Lewis acid-catalyzed condensation of silyl enol ethers or silyl ketene 
acetals to preformed imines is an excellent variant of the classical intermolecular 
Mannich reaction.14,15, 16  However, this three-component reaction of aldehydes, 
                                                  
12
 (a) Ferraris, D.; Young, B.; Dudding, T.; Lectka, T. J. Am. Chem. Soc. 1998, 120, 4548. (b) Ferraris, 
D.; Young, B.; Cox, C.; Dudding, T.; Drury, W. J., lll; Ryzhkov. L.; Taggi, A. E.; Lectka, T. J. Am. 
Chem. Soc. 2002, 124, 67.  
13
 Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 12964. 
14
 Kobayashi, S.; Araki, M.; Yasuda, M. Tetrahedron Lett. 1995, 36, 5773. 
15
 Cozzi, P. G.; Simone, B. D.; Umani-Ronchi, A. Tetrahedron Lett. 1996, 37, 1691. 
16
 (a) Ishihra, O.; Funahashi, M.; Hanaki, N.; Miyata, M.; Yamamoto, H. Synlett 1994, 963. (b) Onaka, 
M.; Ohno, R.; Yanagiya, N.; Izumi, Y. Synlett 1993, 141. (c) Mukaiyama, T.; Akamatsu, H.; Han, J. S. 
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amines and silyl enolates has to be carried out under strict anhydrous conditions 
because imines are generally unstable in water. In addition, most Lewis acids cannot 
be used in this one-pot reaction due to the presence of free amines and water produced 
during the imines formation stage.  
 
                                                  
Chem. Lett. 1990, 889. (d) Mukaiyama, T.; Kashiwagi, K.; Matsui, S. Chem. Lett. 1989, 1397. (e) 
Guanti, G.; Narisano, E.; Banfi, L. Tetrahedron Lett. 1998, 28, 4331. 
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2.2 Our Approach 
 
Our group has made an important breakthrough in the development of a green 
Mannich-type reaction. Using indium trichloride as catalyst, we have successfully 
developed a three-component Mannich-type coupling reaction in pure water.17 , 18 
Indium trichloride is stable in water and is also able to withstand the basicity of 
amines. In fact, apart from catalyzing the reaction, it was also essential for this 
coupling process to take place in water, without which, only aldimine formation and 
aldol products were obtained.19 In addition, side reactions commonly associated with 
the classical Mannich reaction such as deamination were not observed. Upon 
completion of the reaction, the catalyst can be recovered and reused, without 











< 91 % (88%)
 
Scheme 13. Indium trichloride catalyzed Mannich-type reaction in water. 
 
 We further applied this methodology to the combinatorial synthesis of β-
aminocarbonyl compound.20 By using the recycled indium trichloride as the catalyst, 
we were able to accomplish the one-pot Mannich-type reaction smoothly and cleanly 
with excellent yields (Scheme 14). The recycled indium trichloride can also be used 
up to 20 times without any significant loss of yield.  
                                                  
17
 Wei, L. L. Ph.D. Dissertation  National University of Singapore, Singapore, 1998. 
18
 Loh, T. P.; Liung, S. B. K. W.; Tan, K. L.; Wei, L. L. Tetrahedron 2000, 56, 3227. 
19
 Loh, T. P.; Feng, L. C.; Wei, L. L. Tetrahedron Lett. 2000, 56, 7309−7312. 
20
 Tan, K. L. Ph.D. Dissertation National University of Singapore, Singapore, 2001. 
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Scheme 14.  Combinatorial one-pot Mannich-type reaction in water using recycled indium trichloride. 
 
In the attempt to apply the concepts of green chemistry, our group has made a 
significant contribution by using water, an environmentally benign solvent, in the 
Mannich-type reaction. However, there are some drawbacks to this method. It is 
limited to the addition of non-enolizable aldehydes and aromatic amines. Furthermore, 
it is not enantioselective. Therefore, a more general method is highly desirable to 
overcome these limitations. 
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2.3 Results and Discussion 
2.3.1 InCl3-Catalyzed Three-Component Asymmetric Mannich-Type Reaction in 
Methanol 
 
 Recently, Vilaivan and co-workers reported an indium-mediated Barbier-type 
allylation of unactivated aldimines with allyl bromides in alcoholic solvents.21  The 
ability of this reaction to work with a wide variety of substrates, especially with 
aliphatic aldimines, encouraged us to investigate the use of methanol as a solvent in a 
Mannich-type reaction.  
 
 First, we screened various chiral amines such as (R)-phenylethylamine, (R)-1-
naphthylethylamine, (R)-2-naphthylethylamine, L-phenylglycine methyl ester and L-
valine methyl ester to test the reaction as well as the diastereoselectivity. The results 
obtained with various chiral amines, benzaldehyde, the commercially available 1-









                                                  
21
 Vilaivan, T.; Winotapan, C.; Shinada, T. Ohfune, Y. Tetrahedron Lett. 2001, 42, 9073−-9076. 
22
 5 mol% and 10 mol% of InCl3 were used in the investigation respectively. Both gave equally good 
results. 
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Table 1.  Diastereoselective Mannich-type reaction of chiral amines, benzaldehyde 








































 Isolated yield.  
b
 The distereomeric ratio was determined by 1H and 13C NMR.  
c
 Absolute configuration assigned by analogy.23 
 
In all cases, the desired β-amino esters were obtained in excellent yields. The 
highest diastereomeric excess was obtained when L-valine methyl ester was used as a 
chiral auxilliary (Table 1, entry 5) while L-phenylglycine gave low selectivity (Table 
1, entry 4). Therefore, L-valine methyl ester was used as a chiral amine in subsequent 
reactions with various aldehydes. The results are shown in Table 2. 
 
                                                  
23
 Ojima, I.; Inaba, S. Tetrahedron Lett. 1980, 21, 2081−2084. 
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 Isolated yield.  
b
 The diastereomeric ratio was determined by 1H and 13C NMR. 
c
 Absolute configuration assigned by analogy.23 
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As shown in Table 2, these reactions proceeded smoothly in MeOH to afford 
the desired products in good yields and moderate to excellent diastereoselectivities 
(Table 2, Entry 6 to Entry 13). Furthermore, this protocol worked with both aromatic 
and aliphatic aldehydes. Most importantly, the use of enolizable aldehyde substrates 
was feasible (Table 2, Entry 7 and Entry 8), although the yields and selectivities were 
moderate. Entry 6 in Table 2 showed that these reactions could also work with an 
aldehyde having a hydroxyl functional group, though, with lower yield and selectivity. 
Hence, no protection of the hydroxy group is required. This low selectivity may be 
attributed to the competing chelation between the hydroxyl group and the ester 
functionality of the chiral auxiliary to the catalyst. 
 
 The reaction was also carried out using other nucleophiles, as shown in Table 
3. We found that when using (1-ethoxyvinyloxy)-trimethyl silane as the nucleophile, 
the Mannich products were obtained in low yields and moderate selectivities (Table 3, 
Entry 3, Entry 4 and Entry 5). However, there was no desired product obtained when 
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Table 3.  Diastereoselective Mannich-type reaction using silyl ketene acetals and silyl 








































OEt H H 36 86:14 
a
 Isolated yield.  
b
 The diastereomeric ratio was determined by 1H and 13C NMR.  
c
 Absolute configuration assigned by analogy.23 
 
The excellent diastereoselectivities observed may be explained using the 
transition state model as shown in Figure 3. In this model, InCl3, nitrogen and the 
carbonyl group of the ester are chelated together to form a rigid bidentate 
conformation.  The bulky isopropyl group of the L-valine methyl ester selectively 
shields the Re face, leaving the Si face available for attack, thereby rendering the 
nucleophillic addition process a highly diastereoselective one. As a result, the (R,S)-
diastereomer is the major product in all cases. 
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Figure 3. Transition state model of highly diastereoselective Mannich-type reaction. 
 
 
A 1H NMR study has been carried out to investigate the progress of the 
reaction with and without InCl3 in CD3OD (Figure 4). It was found that, with InCl3, 
the reaction was completed in 40 minutes after addition of the 1-methoxy-2-methyl-1-
trimethylsilyloxypropene. However, without InCl3, even though a small amount of the 
imine was formed, there was no reaction between the imine and 1-methoxy-2-methyl-
1-trimethylsilyloxypropene. All these evidences showed that InCl3 was not only a 
driving force for imine formation but also played a essential role in the nucleophillic 
attack of the imine.  
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Figure 4.  1H NMR spectroscopic study of the effect of InCl3 in Mannich-type reaction using CD3OD. 
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Since InCl3 played an important role in our methodology, we then turned our 
attention to recycling and reusing the catalyst.24 To demonstrate the efficiency of the 
recovered InCl3, the three-component Mannich-type reaction of various aldehydes, L-
valine methyl ester and 1-methoxy-2-methyl-1-trimethylsilyloxypropene in MeOH 
was carried out using recycled InCl3. The results are shown in Table 4. It was found 
that using recycled InCl3, the selectivities and yields are as good as using fresh InCl3. 
 


































a Entry 2 and Entry 3 were in order of sequence when the reaction was carried out using recycled InCl3 
from the previous reaction. 
b
 Isolated yield.  
c
 The diastereomeric ratio was determined using 1H and 13C NMR.  
d
 Absolute configuration assigned by analogy. 23 
 
In the attempt to remove the chiral auxiliary, it was found that the ester group 
on the chiral auxiliary could be selectively reduced using NaBH4 in THF/MeOH 
                                                  
24
 Firstly, the MeOH was removed azeotropically followed by the extraction of the organic compounds 
using ether/hexane (1:1, x5). The remaining residue in the reaction flask was the recycled InCl3 which 
would be ready for further reactions. 
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(Scheme 15). This suggested that the amine could be liberated from the chiral 
















Scheme 15. Selective reduction of one ester functionality from the Mannich product using NaBH4.  
 
In brief, we have reported an InCl3-catalyzed asymmetric three-component 
Mannich-type reaction using methanol. Using derivatives of naturally occurring L-
amino acids, high diastereoselectivies were achieved. This reaction is applicable to 
both enolizable and non-enolizable aldehydes, as well as with aliphatic amines. This 
novel method has successfully overcome all the drawbacks of our previously 
developed methodology, and provides an easy entry into synthetically useful β-amino 
carbonyl compounds in protic solvent.  
 
Our variant of the Mannich-type reaction proceeded smoothly at ambient 
temperature and pressure. Furthermore, we have avoided the use of protecting groups 
in our system. Although methanol is relatively non-toxic compared to other organic 
solvents, it is still harmful to humans when exposed to large amounts. Hence, we 
continued to search for more environmentally friendly solvents to replace methanol in 
this asymmetric three-component Mannich-type reaction. 
                                                  
25
 Alvara, G.; Savoia, Diego. Tetrahedron: Asymmetry 1996, 7, 2083−2092. 
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2.3.2 Asymmetric Mannich-Type Reactions Catalyzed by Indium(III) Complexes in 
Ionic Liquids 
 
We next investigated the asymmetric Mannich-type reaction in ionic liquids 
(Scheme 16). From our previous experience, the results obtained using L-valine 
methyl ester as a chiral auxiliary were excellent.26,27 As a result, L-valine methyl ester 
was employed as a chiral auxiliary for the asymmetric version of the In(III) complex-
catalyzed Mannich-type reaction. 
 















Scheme 16. InCl3-catalyzed asymmetric Mannich-type reaction in ionic liquids. 
 
Firstly, we investigated the effect of different ionic liquids on the asymmetric 
Mannich-type reaction using InCl3. Four different ionic liquids were used in our 
investigation, i.e. butylmethylimidazolium tetrafluoroborate ([bmim]BF4), 
hexylmethylimidazolium tetrafluoroborate ([hmim]BF4), octylmethylimidazolium 
tetrafluoroborate ([omim]BF4) and octylmethylimidazolium chloride ([omim]Cl). The 




                                                  
26
 Loh, T. P.; Ho, D. S. C.; Xu, K. C.; Sim K. Y. Tetrahedron Lett. 1997, 38, 865.  
27
 Loh, T. P.; Chen, S. L. Org. Lett. 2002, 4, 3647−3650. 
 Chapter 2 Asymmetric Mannich-Type Reaction 
 
 
Part I : Organic Reactions in Non-Conventional Solvents                                          35 





























[omim]BF4-, n = 7 50% 92:8 73:27 
[hmim]BF4-, n = 5 65% 93:7 93:7 
[bmim]BF4-, n = 3 71% 93:7 95:5 
[omim]Cl-, n = 7 No desired product  
a.
 Isolated yield of Mannich product 1.  
b.
 The diastereomeric ratio of 1 was determined using 1H and 13C NMR spectroscopy 
 
The asymmetric Mannich-type reaction proceeded smoothly in all the three 
BF4-type ionic liquids but not in [omim]Cl.28 Interestingly, the yields of Mannich 
product 1 increased gradually when the cation carbon chain length of the ionic liquid 
was reduced. Moreover, although the diastereoselectivities of the Mannich product 1 
were consistently high, the ratios of the Mannich product to the aldol side product 
varied. The percentage of the Mannich product increased with shorter cation carbon 
chain lengths. This interesting result shows that we can progressively reduce the aldol 
side product by reducing the hydrophobic chain of the ionic liquid.  
 
                                                  
28
 The main reason of this phenomenon is still under investigation. 
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With these interesting results, we continued our study using [bmim]BF4 with 
various aldehydes in the present of InCl3. The yields and the diastereomeric ratios are 
shown in Table 6. In all cases, L-valine methyl ester was a good chiral auxiliary for 
both the aromatic and the aliphatic aldehydes to afford the products in moderate to 
good yields with high diastereoselectivities. Contrary to the reaction carried out in 
water, even enolizable aldimines can be used in this system (Table 6, Entry 4), and 
furthermore, moderate yield with high selectivity was achieved. 
 
Table 6. InCl3-catalyzed asymmetric Mannich-type reaction with various aldehydes 
using [bmim]BF4. 
















































 Isolated yield of Mannich product 1. 
b.
 The diastereomeric ratio of 1 was determined using 1H and 13C NMR spectroscopy.  
 
All efforts to recycle and reuse the ionic liquids in the same reaction failed to 
afford the desired Mannich product. However, addition of a further 0.2 equivalent of 
 Chapter 2 Asymmetric Mannich-Type Reaction 
 
 
Part I : Organic Reactions in Non-Conventional Solvents                                          37 
InCl3 to recycled [hmin]BF4, allowed the asymmetric Mannich-type reaction to 
proceed in 50% yield and 82% de with 4-chlorobenzaldehyde. As a result, we decided 
to look for a more useful catalyst which can be recycled and reused after the reaction. 
 
From our previous experience, In(OTf)3 could be recycled and reused without 
any significant decrease in the yields. Therefore, it was envisaged that this In(III) 
complex could be employed in the three-component asymmetric Mannich-type 
reaction in ionic liquids with various aldehydes (Table 7). To our delight, In(OTf)3 
also performed excellently as a catalyst in this reaction. 
 
Table 7. In(OTf)3-catalyzed asymmetric Mannich-type reaction with various 
aldehydes using [hmim]BF4. 


























































 Isolated yield of Mannich product 1.  
b.
 The diastereomeric ratio of 1 was determined using 1H and 13C NMR spectroscopy.  
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Having this excellent result on hand, we looked into the recycle process of 
In(OTf)3. The process was investigated (Table 8) starting with fresh [hmim]BF4 and 
In(OTf)3 with 4-chlorobenzaldehyde. After the reaction was completed (monitored by 
TLC), the ionic liquid and In(OTf)3 were recycled and reused in the second cycle with 
the same aldehyde. The yield and selectivity were comparable to the fresh ionic liquid 
and catalyst. However, the third cycle using benzaldehyde resulted in a decrease in 
yield to only 13% and the selectivity was found to be only 76% de. 
 
Table 8. Investigation on the asymmetric Mannich-type reaction in [hmim]BF4 using 
recycled In(OTf)3. 










































 For each entry, <5% of aldol product was observed. 
b.
 Isolated yield of the Mannich product.  
c.
 The diastereomeric ratio was determined using 1H and 13C NMR spectroscopy. 
 
 
In summary, we have developed a highly diastereoselective Mannich-type 
reaction catalyzed by InCl3 or In(OTf)3 using ionic liquids. The reactions proceeded 
smoothly with a wide variety of aldehydes at room temperature, and gave high 
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diastereoselectivities and yields. The simplicity of the reaction procedure makes this 
method attractive for scale up purposes.  
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2.3.3 Asymmetric Three-Component Mannich-Type Reaction in Water: Design, 
Synthesis & Application of a New Chiral Auxiliary 
 
 To the best of our knowledge, studies on the enantioselective Mannich-type 
reactions of imines and silyl enolates in water or aqueous medium have never been 
carried out.  
  
The advantages of using water as a solvent for organic reactions need not be 
further emphasized. 29  Being non-toxic, non-hazardous, inexpensive and readily 
available in abundance, water is the ideal solvent economically and environmentally. 
This and the ease of experimental procedures that comes with the use of water make it 
a very attractive choice for large-scale industrial process. In addition, the concept of 
using water for organic reactions is still relatively new and there are many areas in 
organic chemistry where its use has not yet been established and which are 
unexplored. 
  
Previously, our group successfully employed the use of pure water for 
carrying out one-pot Mannich-type reactions.30 Thus, we are interested in venturing 
into the use of water for asymmetric three-component Mannich-type reaction and we 
believe that the scope and stereo-differentiation can be enhanced by the development 
of tailor made chiral auxiliary. 
                                                  
29
 Li, C. J. Chem. Rev. 1993, 93, 2023. 
30
 (a) Wei, L. L. PhD. Dissertation, National University of Singapore, Singapore, 1998. (b) Loh, T. P.;  
Liung, S. B. K. W.; Tan, K. L.; Wei, L. L. Tetrahedron 2000, 56, 3227. 
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Design & Synthetic Strategy 
 
During the course of our group’s synthetic studies on a natural product, an 
indium-mediated allylation reaction carried out in aqueous medium has been 
developed for the assembly of an advanced 1,3-amino alcohol key intermediate 
(Scheme 17). The reaction proceeds with very high diastereoselectivity, a result rare 

























Scheme 17. Indium-mediated allylation carried out in aqueous medium to synthezise 1,3-amino alcohol 
key intermediate. 
 
Experiments were carried out using a series of different allyl bromides and 
remote substituent group on the nitrogen of the keto-ester 1, proved that the bromide 
component does not play any role in controlling the stereoselectivity. The crystal 
structure of 131 (Figure 5), showed that the phenyl ring of the remote substituent on 
the nitrogen was directed under the keto-ester functionality. NMR spectroscopic 
studies of its olefinic homologue 2a31 showed a high field shift of the chemical shift 
of one of the vinyl protons, suggesting its position in the plane of the aromatic ring 
                                                  
31
 Huang, J.M. Ph.D. Dissertation, National University of Singapore, Singapore, 2000. 
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and hence the shielding effect by the ring current. This showed that the solution 
structure of 2a matches its crystal structure. 
 
 
Figure 5. X-ray crystal structures of 1 and 2a. 
 
The proposed transition state is shown in Scheme 18. The phenyl group of 
the remote substituent on the nitrogen blocks the Si-face of the carbonyl group, thus 
leaving only the Re-face available for attack, thereby rendering the nucleophillic 
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Scheme 18. The proposed transition state. 
 
1,3-Stereo induction32 was mainly due to the structure and conformation of 1. 
The chiral center at the β-position from the ketone carbonyl carbon and the strategic 
positioning of the phenyl group behind the ketone functionality were the two major 
factors. Another important property besides the very high stereoselectivities was that 
1 is stable in water and the stereo induction takes place in aqueous medium. 
 
With the discovery of this new method for acyclic control, we hoped to further 
exploit this remote substituent effect as the key element for stereocontrol in the 
asymmetric three-component Mannich-type reactions. We believed that 1 will be a 
good template for a chiral auxiliary. We envisioned that 1 or its analogues, carrying 
similar unique features required for remote asymmetric control, be introduced onto 
the amine component for the chiral induction (Scheme 19). 
 
                                                  
32
 Evans, D. A.; Dart, M. J.; Duffy, D. L.; Yang, M. G. J. Am. Chem. Soc. 1996, 118, 4322. 
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Scheme 19. Asymmetric Mannich-type reaction using remote asymmetric control.  
 
We visualized two possible pathways for attaching the chiral auxiliary onto 
the amine substrate. One was to link the two molecules from the right ester 
functionality of the chiral auxiliary, and the other from the left ester group as shown 

























Scheme 20. Two possible pathways for attaching the chiral auxiliary. 
 
From the structures of the right-linked and left-linked chiral amines, it was 
obvious that the amine functionality of the right-linked molecule was nowhere in 
close proximity of the phenyl substituent group of the tertiary amine. Hence, choosing 
the chiral auxiliary to be left-linked to the amine substrate seems to be the obvious 
choice. However, there was a risk in taking this pathway because from the molecular 
model of the left-linked chiral amine, we suspected that the phenyl group may still be 
 Chapter 2 Asymmetric Mannich-Type Reaction 
 
 
Part I : Organic Reactions in Non-Conventional Solvents                                          45 
too remote to effectively induce stereoselectivity in the intended reaction. 
Nevertheless, we decided on the amine to be left-linked to the chiral auxiliary. 
 
Comparing the X-ray crystal structures of (R,S)-2a31 and (R,R)-2b,31 we can 











Figure 6. X-ray crystal structure of (R,R)-2b. 
 
Naturally, this molecule became our template for the chiral auxiliary. Before 
proceeding to synthesize the chiral auxiliary, some modifications were made to the 
molecule. The left ester group was converted into an acid functionality for easy 
bonding to the amine substrate while the ketone and the right ester group were 
simplified to an allylic group, to prevent undesired side reactions from taking place at 
these reactive sites. Our final design of the chiral auxiliary 3 was shown as below in 
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Figure 7. Our final designed chiral auxiliary. 
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Retrosynthetic Analysis 
 
The retrosynthetic analysis of 3 was outlined in Scheme 21. We proposed 
that the chiral auxiliary could be synthesized from commercially available 2,3-






































Scheme 21. Retrosynthetic analysis of 3. 
 
The chiral auxiliary 3 can be obtained from its corresponding ester 4 by a 
functional group interconversion. With a straightforward protection/deprotection 
sequence, 4 can be traced back to the secondary amine 5. 5 can be derived from the 
imine 6 via an allylation reaction. Two possible diastereomers of 5 will result from 
this addition. We envisioned that the (R)-α-methyl benzyl substituent group on the 
imine will affect the nucleophillic attack on the iminium carbon of 6, thus inducing 
the chirality of 5 and the diastereoselectivity of the allylation. 
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Optically pure (R)-α-methyl benzylamine 7 was chosen for coupling with the 
aldehyde functionality of oxo-acetic acid methyl ester 8 for the synthesis of 6. This 
was because both the enantiomers of α-methyl benzylamine are available 
commercially at low cost. 8 can be further traced back to 2,3-dihydroxysuccinic acid 
dimethyl ester 9 by means of an oxidation/reduction process. 
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Synthesis of The Chiral Auxiliary 
 
Thus, our synthesis of the chiral auxiliary 3 commenced with 2,3-
dihydroxysuccinic acid dimethyl ester 9 or more commonly known as dimethyl 
tartrate, an inexpensive starting material. Oxidative cleavage of 9 by periodic acid, 
HIO4, afforded the aldehyde 8 in 50% yield after purification by distillation. After 
which 8 was condensed with enantiomerically pure (R)-α-methyl benzylamine 7 in the 
presence of anhydrous sodium sulfate. The chiral imine 6 was formed quantitatively 





























Scheme 22. Synthetic route for the formation of chiral imine 6. 
 
Chiral imine 6 was further subjected to an indium allylation addition with allyl 
bromide. The homoallylic amine was obtained as a mixture of its two diastereomers, 
5a and 5b, in a ratio of 45:55 (Scheme 23). The two diastereomers were subsequently 
separated and isolated in their pure form using flash column chromatography. 
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Scheme 23. Indium-mediated allylation of chiral imine 6. 
 
Next, the secondary amine of 5 was protected using trifluoroacetic anhydride. 
Finally, the ester functionality of 4 was hydrolyzed to its corresponding carboxylic 





























Scheme 24. Formation of 3a. 
 
Although only the synthesis of (R,R)-3a was shown here, nevertheless, both 
the diastereomers (R,R)-5a and (R,S)-5b were employed concurrently for synthesis 
and the intended chiral auxiliaries, (R,R)-3a and (R,S)-3b, were synthesized in good 
yields. 
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In addition, the structure of the chiral auxiliary was confirmed by the single 
crystal X-ray diffraction analysis of (R,S)-3b (Figure 8). Unfortunately, we were 
unable to obtain the crystal structure for the (R,R)-3a diastereomer. 
  
Figure 8.  X-ray crystal structure of (R,S)-3b. 
 
With both chiral auxiliaries in hand, we proceeded to investigate the 
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Application to Asymmetric Mannich-Type Reaction in Water 
 
Before attempting to apply our chiral auxiliary (R,R)-3a to the actual three-
cmponent Mannich-type reaction, we tested the effect of (R,R)-3a on the reactivity 
and selectivity of a simple Mannich-type reaction under normal anhydrous 
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Scheme 25. One-pot asymmetric Mannich-type reaction using chiral auxiliary 3a. 
 
The imine substrate 10 was synthesized prior to use for the asymmetric 
Mannich-type reaction. Benzaldehyde and 2-aminophenol were stirred together in 
pure water at room temperature for 12 hours. 20 mol% of InCl3 was used as a catalyst 
for the reaction. The desired imine was obtained as a black solid in 79% yield after 















Scheme 26. Synthesis of imine substrate 10. 
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1.0 equivalent of the chiral auxiliary (R,R)-3a was first introduced to 1.0 
equivalent of the imine 10, with 2.0 equivalents of EDC methiodide and catalytic 
amounts of DMAP in anhydrous dichloromethane. The mixture was allowed to stir 
for 1 day before the addition of 20 mol% of InCl3 and 2.0 equivalents of the silyl 
enolate 11. The resulting mixture was then stirred at room temperature for a further 6 
hours. 
 
Interestingly, preliminary TLC analysis of the reaction showed progress. Upon 
reaction work-up and purification procedures, the desired Mannich product 12 was 
isolated in 66% yield. Two diastereomers were observed and from 1H NMR analysis, 
the selectivity of the two diastereomers was determined to be in the ratio of 36:64, 
which in turn translated to 28% diastereomeric excess. 
 
Although the reaction proceeded well with satisfactory yield, the selectivity 
was, however, disappointing. We suspected that a competing side reaction had taken 
place in the one-pot reaction. It was thus postulated that some of the imine 10 reacted 
with the silyl enolate 11 to form the Mannich base 13, before coupling with the chiral 
auxiliary (R,R)-3a (Scheme 27). As a result, the selectivity was affected. 
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Scheme 27. Postulation for another possible reaction pathway. 
 
Nevertheless, we proceeded with our investigations of the asymmetric reaction 
in water. As with the previous experiment, 1.0 equivalent of the chiral auxiliary (R,R)-
3a was first mixed with 1.0 equivalent of the imine 10, 2.0 equivalents of EDC 
methiodide and catalytic amounts of DMAP in anhydrous dichloromethane. After the 
mixture was stirred for 1 day, the solvent was removed completely using a vacuum 
pump. Pure water was then added to the residue, followed by 20 mol% of InCl3 and 
2.0 equivalents of the silyl enolate 11. The resulting mixture was then stirred at room 
temperature for another 6 hours (Scheme 28). 
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Scheme 28. Asymmetrtic Mannich-type reaction in aqueous media. 
 
To our delight, the reaction proceeded in water and we were able to isolate 
12 in 28% yield. The two diastereomers were separated by flash column 
chromatography and characterized. Surprisingly, 1H NMR analysis of the products 
showed an increase in the selectivity of the reaction. A ratio of 33:67 of the two 
diastereomers was obtained. This turned out to be 34% diastereomeric excess. 
 
Although the diastereoselectivity was only moderate at 34% de, it was a 21% 
increase from the previous experiment carried out in anhydrous dichloromethane. 
Furthermore, this was achieved using pure water as the reaction medium. These 
results suggested that the chiral auxiliary (R,R)-3a was not only stable in water; it also 
effected some chiral induction in the Mannich-type reaction. 
 
These preliminary findings were very encouraging and prompted us to further 
investigate the reactivity and selectivity of the three-component Mannich-type 
reactions under the influence of this chiral auxiliary. 
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Chiral Amine for Three-Component Mannich Reactions in Water 
 
Before we can attach the chiral auxiliary onto the amine substrate linked via 
the –OH group, we need to protect the amine functionality to prevent it from 
interfering with the coupling reaction. We visualized the amine group as an imine 
functionality which can be removed during work-up to regenerate the amine group 
after the reaction.  
 
The chiral auxiliary (R,R)-3a was first attached onto the imine substrate. 
Coupling of (R,R)-3a with 2-(benzylidene amino) phenol 10 was achieved in 
dichloromethane with EDC methiodide and catalytic amounts of DMAP as shown in 
Scheme 29. Chiral amine 14 was successfully obtained in 31% yield after purification 

























Scheme 29. Coupling of 3a and imine 10 using EDC methiodine. 
 
X-ray diffraction analysis of 14 was performed to determine the actual 
conformation of the chiral amine. From the crystal structure obtained, it was observed 
that the phenyl group of the chiral auxiliary component was directed in the same 
course as the amine functionality (Figure 9). 
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Figure 9. X-ray crystal structure of 14. 
 
 However, the result of the analysis also confirmed our initial speculations. As 
we had contemplated during the process of designing this chiral auxiliary, the phenyl 
group was indeed too remote to fully shield the amine functionality. This could 
explain the moderate diastereoselectivity obtained from the simple Mannich-type 
reactions carried out earlier.  
 
This result led us to modify and improve the design of our chiral auxiliary. 
From the crystal structure, the phenyl ring only managed to shield the amine 
functionality partially. Thus, we believe that a larger substituent on the chiral 
auxiliary, for example a naphthyl group, would be more effective in blocking one face 
of the reactive site. Various analogues of the chiral auxiliary are being designed. 
 
Due to time constraint, we have yet to obtain improved chiral auxiliaries and 
their syntheses are presently in progress. In time to come, we want to employ these 
asymmetric facilitators for the intended three-component Mannich-type reactions in 
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Summary 
 
In short, the design and synthesis of a new chiral auxiliary (R,R)-3a  for the 
asymmetric control of the Mannich-type reactions in water has been achieved. (R,R)-
3a has been subjected to the Mannich-type reactions in both anhydrous and aqueous 
conditions. It was also attached onto the amine substrate for investigations of the 
three-component asymmetric Mannich-type reaction. 
 
The design of (R,R)-3a was inspired by an earlier study on a natural product, 
whereby very high diastereoselectivities of the product was achieved from the 
indium-mediated allylation reaction in water. (R,R)-3a was synthesized in five steps 
from commercially available 2,3-dihydroxysuccinic acid dimethyl ester in good yields. 
Another diastereomer (R,S)-3b was also isolated in the process. The structure of 
(R,S)-3b was confirmed by single crystal X-ray diffraction analysis. The X-ray crystal 
structure of (R,R)-3a, however, was not obtained. 
 
Preliminary investigations of (R,R)-3a with pre-formed imine 10 and silyl 
enolate 11 in anhydrous dichloromethane and water were carried out. The reactions 
were catalyzed by 20 mol% of InCl3 in the presence of EDC methiodine and DMAP. 
The desired Mannich products were obtained in good yields but moderate selectivity. 
 
Chiral amine 1 4 was successfully synthesized from the corresponding imine in 
one step. The X-ray crystal structure of 14 was obtained. As expected, the phenyl 
group of the chiral auxiliary was positioned in the same direction as the amine 
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functionality. On the other hand, the crystal structure also showed that the phenyl 
group was not able to block one face of the amine group completely. 
 
The design of the chiral auxiliary is being evaluated. It is proposed that the 
phenyl group be replaced by a larger substituent such as a naphthyl group, so as to 
achieve a better shielding effect. Further studies are also being done to optimize 
reaction conditions and eventually be able to apply to the three-component 
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Mukaiyama Aldol Reaction in Ionic 
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3.1 Introduction − The Mukaiyama Aldol Reaction  
 
The Mukaiyama aldol reaction is one of the most important C−C bond 
formations in organic synthesis.1,2 Although the Mukaiyama aldol reaction has been 
extensively studied, the Mukaiyama aldol reaction at ambient temperature in the 
absence of Lewis acid catalysis or any special activation continues to pose a great 
challenge for organic chemists.3  
 
Recently, our group developed a water-accelerated Mukaiyama aldol reaction 
using ketene silyl acetals (Scheme 30).3(d) Using this method, Mukaiyama aldol 
reactions can proceed in water at room temperature without any Lewis acid or special 
activation to afford the corresponding aldol products in moderate to good yields. 
However, this reaction only works with reactive aldehydes. No reaction was observed 
with aliphatic aldehydes. Therefore, a more general method that could work with a 









OH2O, rt, 24 h
up to 95% yield
 
Scheme 30. Water-accelerated Mukaiyama aldol reaction. 
 
                                                  
1
 Mukaiyama, T.; Banno, K.; Narasaki, T. J. Am Chem. Soc. 1974, 96, 7503−7509.  
2
 Smith, M. B.; March, J. Advanced Organic Chemistry: Reactions, Mechanisms and Structure, 5th ed.; 
Wiley-Interscience: New York 2001, 1223-1224 and the references cited therein. 
3
 For example, see: (a) Chan, H. T.; Li, C. J.; Wei, Z. Y. J. Chem. Soc. Chem. Commun. 1990, 
505−507. (b)  Lubineau, A. J. Org. Chem.1986, 51, 2142−2145. (c) Kobayashi, S.; Hachiya, I. 
Tetrahedron Lett. 1992, 33, 1625−1628. (d) Loh, T. P.; Feng, L. C.; Wei, L. L. Tetrahedron 2000, 56, 
7309−7312. (e) Li, C. J.; Chan T. H. Organic Reaction in Aqueous Media, Wiley: New York, 1997 and 
the references cited therein. (f) Lubineau, A.; Augé, J.; Queneau, Y. Synthesis 1994, 741−760 and the 
references cited therein. (g) Grieco, P. A. Organic Synthesis in Water, Blackie Academic & 
Professional: Glasgow, 1998 and the references cited therein.  
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3.2 Results and Discussion  
3.2.1 The Mukaiyama Aldol Reaction using Ketene Silyl Acetals with Carbonyl 
Compounds in Ionic Liquids 
 
In the previous studies of the asymmetric Mannich-type reaction in 1-R-3-
methylimidazolium based ionic liquids,4 the Mukaiyama aldol product, as compared 
to the Mannich product, increased with increasing carbon chain length of the ionic 
liquids. These findings, coupled with the unique nature of ionic liquids, encouraged us 
to investigate further the effect of ionic liquids in Mukaiyama aldol reactions. 
 
We first began with the investigation of the Mukaiyama aldol reaction of 
nonyl aldehyde and 1-methoxy-2-methyl-1-trimethylsilyloxypropene. This was 
carried out at room temperature using different types of ionic liquids. The results in 
Table 9 showed that the Mukaiyama aldol reaction proceeded to afford the product. 
As predicted, ionic liquids with long cation carbon chain length afforded better yields 
of the aldol products (Entry 3, Entry 5 and Entry 7). In addition, the Cl-type ionic 
liquids were the preferred solvent systems (Entry 6 and Entry 7) for this Mukaiyama 






                                                  
4
 Chen, S. L.; Ji, S. J.; Loh, T. P. Tetrahedron Lett. 2003, 44, 2405−2408.   
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n n = 3 to 7
X = Cl, BF4, PF6
 
Entry Ionic Liquid Yielda 
1 [bmim]PF6, n = 3 4% 
2 [hmim]PF6, n = 5 6% 
3 [omim]PF6, n = 7 12% 
4 [bmim]BF4, n = 3 8% 
5 [hmim]BF4, n = 5 29% 
6 [hmim]Cl, n = 5 50% 
7 [omim]Cl, n = 7 51% 
a. Isolated yield of aldol product. 
 
Next, we investigated the Mukaiyama aldol reaction of 1-methoxy-2-methyl-
1-trimethylsilyloxypropene with various aldehydes using [omim]Cl (n=7). The results 
are shown in Table 10. In all cases, the products were obtained in moderate to good 
yields. It is important to note that even unreactive aldehydes such as aliphatic (Entry 1, 
Entry 2 and Entry 8) and aromatic aldehydes (Entry 7, Entry 9, Entry 10 and Entry 11) 
reacted with the ketene silyl acetal to afford the products in good yields. This showed 
that ionic liquid not only catalyzed the reaction, but also served as an ‘activator’ in 
this reaction. Hence, the Mukaiyama aldol reaction performed well in ionic liquids 
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OEt H H 44% 
a
 Isolated yield of aldol product. b Including TMS protected aldol product. 
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So far, we have developed a wide-ranging Mukaiyama aldol reaction using 
ionic liquids as solvent at room temperature without any Lewis acid or/and other 
special activation. This method is applicable to various aldehydes. Although moderate 
to good yields (50 to 74%) were obtained using this reaction condition, there is still 
room for improvement. We envisioned that well designed ionic liquids could improve 
the effectiveness of the Mukaiyama aldol reaction. 
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3.2.2 Newly Designed Polar Ionic Liquid for Highly Efficient Mukaiyama Aldol 
Reactions 
 
We believed that the polarity of the ionic liquid plays an important role in the 
Mukaiyama aldol reaction. As a result, we decided to modify and synthesize a more 
polar ionic liquid. 
 
The methylimidazolium-based ionic liquids are the most common ionic liquids 
which contain one methylimidazolium group. We envisaged that increasing the 
number of methylimidazolium groups would increase the polarity of the ionic liquids. 
This directed us to design and synthesize an innovative diimidazolium-based and 
more polar ionic solid 14 as shown in Figure 10. The diimidazolium-based ionic solid 
14 was prepared by refluxing a mixture of 1-methyl-imidazolium and 1,6-
dibromohexane (molar ratio 2:1) in THF overnight. The ionic solid obtained was 








Figure 10. A new polar ionic ‘solid’. 
 
We envisioned that the combination of this ionic solid with usual ionic liquid 
will create a new class of polar ionic liquid. As a result, by dissolving ionic solid 14 in 
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ionic liquid [hmim]Cl in the molar ratio of 6:1, we generated a new type of ionic 










Scheme 31. The formation of polar ionic liquid 15. 
 
 
We then began our investigation on the Mukaiyama aldol reaction of 1-
methoxy-2-methyl-1-trimethylsilyloxypropene with various aldehydes using this polar 
ionic liquid 15. The results are shown in Table 11.  
 
It was found that the Mukaiyama aldol reaction carried out in the polar ionic 
liquid 15 afforded the desired aldol products in exellent yields. In all cases, the yields 
were much higher as compared to the reaction yields obtained using [omim]Cl. In 
addition, the reaction worked smoothly with α,β-unsaturated aldehyde (Entry 6, Table 
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 Purified yield. b Purified yield while using [omim]Cl. c Including TMS protected aldol product. 
 
With the success of the above reactions, we continued our study by exploring 
the reusability of the polar ionic liquid 15. The ionic liquid 15 was recycled and 
reused in the subsequent reactions. Table 12 summarizes the results. For instance, the 
reaction involving benzaldehyde afforded the product in 91% (1st run), 72% (2nd run), 
59% (3rd run) and 57% (4th run). 
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Table 12. Recycling of ionic liquid 15 in the Mukaiyama aldol reaction of 1-












Cycle Yield (%)b 
1st  91 
2nd  72 
3rd  59 
4th  57 
a The recovered ionic liquid should be dried at 60°C under reduced pressure before reusing for further 
reactions.  
 
 In conclusion, we have developed an efficient and environmentally friendly 
method for the Mukaiyama aldol reaction using a new polar ionic liquid 15 which was 
generated by mixing [hmim]Cl with ionic solid 14. This reaction works well with a 
wide variety of aldehydes at room temperature without Lewis acid (or Lewis base) or 
any special activation. The mild and simple reaction conditions, good yields, and the 
ease of recovery and reusability of the reaction medium have provided an easy and 
straightforward entry into a wide variety of aldol products. 
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3.2.3 Development of an Asymmetric Mukaiyama Aldol Reaction 
 
The asymmetric synthesis of various functional molecules is one of the most 
important tasks in current organic synthesis.5 Using ionic liquids, we have developed 
a simple pathway to aldol products. However, it is not enantioselective. As a result, 
we are keen to develop an asymmetric version of the Mukaiyama aldol reaction. We 
envisaged that naturally occurring abundant L- and D- amino acids would be good 
metal-free chiral catalysts for the Mukaiyama aldol reaction. 
 
We started our investigation using hydrocinnamaldehyde and 1-methoxy-2-
methyl-1-trimethylsilyloxypropene in DMSO with various amino acids. The results 
are shown in Table 13. Unfortunately, all the amino acids gave racemic alcohols. 
 
Table 13. The Mukaiyama aldol reaction of 1-methoxy-2-methyl-1-














Entry Amino Acid % eea 
1 L-Valine 0% 
2 L-Aspargine 0% 
3 L-Phenylalanine 0% 
4 D-Proline 0% 
5 L-Serine 0% 
6 L-Tryptophan 0% 
7 L-Tyrosine 0% 
8 L-Aspartic acid 0% 
a
 ee was determine using OD Daicel Chiralcel HPLC column (n-hexane:isopropanol = 98:2; flow rate = 
1 mL/min; Rt = 9.65 and 14.53 min). 
 
                                                  
5
 Ojima, I. In Catalytic Asymmetric Synthesis, Wiley-VCH, 2000. 
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The Mukaiyama aldol reaction of p-chlorobenzaldehyde and 1-methoxy-2-
methyl-1-trimethylsilyloxypropene in CH2Cl2 gave the results shown in Table 14. 
Once again, our attempt failed and racemic alcohol was obtained. 
 
Table 14. The Mukaiyama aldol reaction of 1-methoxy-2-methyl-1-















Entry Amino Acid %eea 
1 L-Valine 0% 
2 L-Aspargine 0% 
3 L-Phenylalanine 0% 
4 D-Proline 0% 
5 L-Serine 0% 
6 L-Tryptophan 0% 
7 L-Tyrosine 0% 
8 L-Aspartic acid 0% 
a
 ee was determine using OD Daicel Chiralcel HPLC column (n-hexane:isopropanol = 95:5; flow rate = 
1 mL/min; Rt = 8.11 and 12.05 min). 
 
Although all the efforts to develop an asymmetric version of the Mukaiyama 
aldol reaction using amino acids were unsuccessful, we believe that the asymmetric 
Mukaiyama aldol reaction can be done in a simple and practical manner. Further 
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 In conclusion, we have successfully developed useful and interesting 
methodologies to carry out organic reactions in non-conventional solvents.  
 
Methanol and various types of ionic liquids were utilized in our investigation 
of the asymmetric Mannich-type reaction. Promising results were achieved. 
 
Using methanol or ionic liquids, the reactions work well with both enolizable 
and non-enolizable aldehydes as well as with aliphatic amines. In both conditions, 
indium(III)-complexes function as a catalyst in these novel methods. After the 
reactions, these catalysts can be recovered and reused. This shows the reusability of 
the indium (III)-complexes. 
 
In our studies, derivatives of natural compound, L-amino acids, were used as a 
chiral reagent in the Mannich-type reaction. We found that L-valine methyl ester was 
an excellent chiral reagent. Using L-valine methyl ester as the chiral amine, high 
diastereoselectivities (up to 99% de) were achieved.  
 
In addition, we have successfully designed and synthesized a new chiral 
auxiliary for asymmetric control of the Mannich-type reaction in water. Preliminary 
investigation of the one-pot asymmetric Mannich-type reaction of imine 10 and 1-
methoxy-2-methyl-1-trimethylsilyloxypropene under the influence of chiral auxiliary 
3a in both anhydrous and aqueous condition was carried out. Both reactions 
proceeded well to give the desired Mannich product 12 in moderate yields. Selectivity, 
however, was only moderate. Due to time constraint, we have yet to carry out the 
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investigation of the asymmetric three-component Mannich-type reaction using our 
newly designed chiral auxiliary.   
 
 On the other hand, we established the first Mukaiyama aldol reaction using 
[omim]Cl in the absence of metal complexes. This method provides an easy and 
straightforward entry into a wide range of aldol products. At the mean time, the 
effects of hydrophobicity and polarity of ionic liquids on the Mukaiyama aldol 
reaction were studied. By using the designed polar ionic liquid 15, we successfully 
increased the effectiveness of this Mukaiyama aldol reaction. After the reaction, the 
ionic liquid 15 can be recovered and reused. 
 
 An attempt to develop an asymmetric Mukaiyama aldol reaction using 
naturally occurring amino acid was unsuccessful. 
 
 In short, the simplicities of all these methodologies have provided easy access 
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1.1 Introduction 
  
Allylation of carbonyl compounds is a fundamental process in organic 
syntheses and many efficient methodologies have beeen developed.1 This reaction 
provides a useful method to synthesize versatile homoallylic alcohols. The 
homoallylic alcohol is a common feature in many natural producs such as Eunicenone 
A and Cryptophycin A (Figure 11). Moreover, from a synthetic point of view, the 
ready transformation of homoallylic alcohols into the corresponding aldols rendered 
the addition of organometallic allylic reagents to carbonyls, a complementary parallel 
to the aldol addition of metal enolates. More important, due to the versatility of the 
alkene functionality, homoallylic alcohols can be easily transformed into many other 
useful derivatives, for example, conversion to the aldehydes via ozonolysis, facile 
one-carbon homologation to δ-lactones via hydroformaylation, or selective 













Eunicenone A Cryptophycin A
 
Figure 11. Examples of natural products containing allylic alcohol substituents. 
 
                                                  
1
 Yamamoto, Y.; Asao, Y. Chem. Rev. 1993, 93, 2207−2293. 
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Scheme 32. Versatility of homoallylic alcohols. 
 
Homoallylation is as important as allylation in organic transformations; 
however, this process has received little attention, probably owing to the limited 
variety of homoallylating agents CH2=CHCH2CH2M, which are restricted to highly 
electropositive metals such as Li and Mg, since the polarity of homoallylic C−M 
bonds is considerably lower than that of allylic C−M bonds. 
 
 An interesting strategy to access this homoallylation is to apply the nickel(0)-
catalyzed coupling of 1,3-dienes with aldehydes.  
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1.2 Nickel-Catalyzed Homoallylation 
 
Nickel-catalyzed coupling reactions of a carbonyl compounds and an 
unsaturated substrate with a metal hydride or organometallic have been reported 
recently. These coupling reactions offer efficient approaches to the formation of 
allylic, homoallylic and bishomoallylic alcohols. 
 
Montgometry and co-workers studied the inter- and intramolecular coupling 
reactions of aldehyde, alkyne and organozinc or silane. Using an ynal with an 
organozinc and catalytic amount of Ni(COD)2, the intermolecular coupling reaction 
proceeded  cleanly and provided cyclic allylic alcohols with stereodefined exocyclic 
tri- or tetrasubstituted alkenes (Scheme 33). 2  Intermolecular couplings involving 
aldehydes, alkynes, and organozincs also proceeded with a high degree of 
chemoselectivity.2  
                                                  
2
 Oblinger, E.; Montgomery, J. J. Am. Chem. Soc. 1997, 119, 9065−9066. 
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Scheme 33. Stereoselective method for the preparation of allylic alcohols. 
 
Later on, they developed a more complex reductive cyclization to prepare the 
bicyclic nitrogen heterocycle. It was found that the catalytic system of Ni(COD)2 and 
n-Bu3P is highly effective for the Et3SiH-mediated reductive cyclization of alkynes 
which possess a tethered aldehyde group (Scheme 34).3 The reaction proceeds via an 
oxanickelacycle intermediate, I, which is derived from the oxidative cyclization of a 
Ni0 pi-complex with aldehyde and alkyne functional groups.  
                                                  
3
 (a) Tang, X. Q.; Montgomery, J. J. Am. Chem. Soc. 1999, 121, 6098−6099. (b) Qi, X.; Montgomery. J. 
J. Org. Chem. 1999, 64, 9310−9313. 
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Scheme 34. Nickel-catalyzed reductive cyclization of aldehyde-functionalized alkyne 
 
Jamison et at. developed an intermolecular reductive coupling of internal 
alkynes and aldehydes using Et3B as a reducing agent.4 In the presence of Ni(COD)2 
and n-Bu3P, this coupling reaction worked well to give the desired allylic alcohols via 
an oxanickelacycle in THF or toluene. Recently, they reported an enantioselective 
reductive coupling reaction of aldehydes and alkynes using Et3B in the presence of a 
catalytic amount of a chiral ligand, (+)-(neomenthyl)diphenylphosphane (NMDPP) 
(Scheme 35).5 In a solvent composed of equal volumes of EtOAc and 1,3-dimethyl-2-
imidazolidinone (DMI), this reaction proceeded to give a trisubstituted allylic alcohol 
in moderate yield and 96% ee. The high enantioselectivity can be explained by a 
cooperative effect between the steric properties of the ligand and the electronic 
differences of the alkyne substituents. 
                                                  
4
 Huang, W. –S.; Chan, J.; Jamison, T. F. Org. Lett. 2000, 2, 4221. 
5
 (a) Colby, E. A.; Jamison, T. F. J. Org. Chem. 2003, 68, 156. (b) Miller, K. M.; Huang, W. –S.; 
Jamison, T. F. J. Am. Chem. Soc. 2003, 125, 3442. 
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60% yield, 96% ee
 
Scheme 35. Nickel-catalyzed enantioselective reductive coupling of an aldehyde and an alkyne using 
Et3B and chiral ligand. 
 
Tamaru and co-workers have reported a highly regio- and stereoselective 
nickel catalyst homoallylation of aldehydes and 1,3-dienes in 1998. In the system of 
Ni(acac)2-Et3B system, benzaldehyde was allowed to react with wide variety of 1,3-
dienes. This reaction proceeded at room temperature and afforded bishomoallylic 
alcohols in excellent yields and with high regio- and stereoselectivities (Scheme 36).6
 
They found that, 2-substituted 1,3-dienes reacted at the C1 position to provide 1,3-
anti product, and 1-substituted 1,3-dienes furnished either 1,2-syn (from Z-dienes) or 
1,2-anti (from E-dienes) products selectively. 
 
 
                                                  
6
 Kimura, M.; Ezoe, Akihiro; Shibata, K.; Tamaru, Y. J. Am. Chem. Soc. 1998, 120, 4033−4034. 
 Chapter 1 Nickel-Catalyzed Homoallylation 
 
 
Part II : New Approach to The Formation of Bishomoallylic Alcohols − Synthesis of 













Scheme 36. Highly regio- and stereoselective nickel-catalyzed homoallylation of benzaldehyde with 
1,3-dienes. 
 
Subsequently, Tamaru and co-workers compared the differences between the 
usage of Et2Zn/Ni(acac)2 catalyst and Et3B/Ni(acac)2 in the homoallylation of 
aldehydes. Interestingly, the Et2Zn/Ni(acac)2 catalyst is effective for the reaction of 
saturated aldehydes and ketones, whereas the Et3B/Ni(acac)2 catalyst is advantageous 
for the homoallylation of aromatic and unsaturated aldehydes.7  
 
They also proposed the mechanism for the homoallylation of aldehydes with 
the Et2Zn/Ni(acac)2 catalyst system (Scheme 37). They suggested that the s-trans-
isoprene Ni0 complex selectively reacts at the C1 position, which bears the highest 
electron density, and the aldehyde carbonyl group is activated by coordination to 
Et2Zn. In the cyclic transition state II, the aldehyde may be arranged in such a way 
that the oxygen atom is placed in the vacant site of the Ni0 complex (symbolized as ) 
and the substituent R in a quasi-equatorial position so as to avoid a quasi-1,3-diaxial 
repulsion that might result from an alternative orientation of the aldehyde. An ethyl 
group of the resulting 5-vinyl-2-oxa-1-nickelacyclopentane intermediate III migrates 
from the zinc(II) to the nickel(II) center. β-Hydrogen elimination then delivers the 
hydrogen atom to the allylic position that is bound to the nickel center with retention 
of configuration. Reductive elimination of nickel (0) finally produces the Ni0 complex 
of ethylene and 1,3-anti bishomoallylic alcohol (IV). 
                                                  
7
 Kimura, M.; Fujimatsu, H.; Ezoe, Akihiro; Shibata, K.; Shimizu, M.; Matsumoto, S.; Tamaru, Y. 
Angew. Chem., Int. Ed. 1999, 38, 397−400. 
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Scheme 37. Proposed mechanism for the homoallylation of aldehydes with the Et2Zn/Ni catalyst 
system. 
 
Our group also demonstrated the utility of Et2Zn/Ni(acac)2 catalyst system for 
homoallylation. It was found to be an efficient method for the synthesis of 
bishomoallylic alcohols. 8  When using a chiral steroidal aldehyde (Scheme 38), 
excellent Felkin-Ahn product was obtained for wide variety of dienes with moderate 
1,3-diastereoselectivies. Beside this, we also verified that, under this catalyst system, 
the cyclic diene, such as cyclohexadiene, proceeded smoothly with most of the 











St   =
70 : 30
 
Scheme 38. Nickel-catalyzed homallylation reaction of a chiral steroidal aldehyde with 1,3-diene. 
                                                  
8
 Loh, T. P.; Song, H. Y.; Zhou, Y. Org. Lett. 2002, 4, 2715−2717. 
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In brief, this nickel-catalyzed coupling reaction of carbonyl compounds and 
alkynes or 1,3-dienes provides an efficient pathway for the preparation of allylic, 
homoallylic and bishomoallylic alcohols in mild reaction conditions. The ease of the 
experimental procedure has encouraged the application of this coupling reaction in the 
synthesis of natural and unnatural organic compounds. 
 
Although a lot of studies have been done on the nickel-catalyzed 
homoallylation, the study on the regioselectivity of this homoallylation while using 4-
methylpenta-1,3-diene has yet been reported. Herein, we focused on the study of the 
regioselectivity of this nickel-catalyzed homoallylation. 
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1.3 Results and Discussion  
 
We started our study on the nickel-catalyzed homoallylation using 4-
methylpenta-1,3-diene and aromatic aldehydes with Et3B/Ni(acac)2 catalyst. The 
results were shown in Table 15. 
 










                   Et3B
(2.4 equiv., 1M solution in THF)
Ni(acac)2 (0.1 equiv.), THF
1
21.0 equiv. 1.2 equiv.
 
























No desired product  
a.
 Isolated yield.  
b.
 The diastereomeric ratio was determined using 1H and 13C NMR spectroscopy. 
 
 This reaction proceeded smoothly with various types of aromatic aldehydes to 
form the bishomoallylic alcohols in moderate to good yields. Interestingly, two regio-
isomers were obtained, with isomer 2 being the major isomer in each case. Consistent 
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with Tamaru’s results,7 there was no desired product when aliphatic aldehyde was 
used in Et3B/Ni(acac)2 catalyst system (Entry 5). 
 
Next, we turned our attention to synthesize bishomoallylic alcohols using 
aliphatic aldehydes with Et2Zn/Ni(acac)2 system. The results were shown in Table 16. 
 










                   Et2Zn
(2.4 equiv., 1M solution in hex)
Ni(acac)2 (0.1 equiv.), THF
1
21.0 equiv. 1.2 equiv.
 











































 Isolated yield.  
b.
 The diastereomeric ratio was determined using 1H and 13C NMR spectroscopy. 
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Contrary to Et3B/Ni(acac)2 catalyst system, the Et2Zn/Ni(acac)2 served as an 
excellent catalyst with saturated aldehydes to afford the desired products in moderate 
yields with moderate to high regioselectivities. In addition, the linear bishomoallylic 
alcohol 1 was the major isomer. It was found that a bulkier R group in the aldehyde 
increased the regioselectivity of the reaction (Entry 7, Entry 8 and Entry 9). So far, 
there is no conclusive mechanism which can explain this interesting 
regioselectivity.6,7 
 
In addition, the bishomoallylic alcohols 1 are versatile organic compounds, 
since they can easily transformed into many synthetically useful derivatives (Scheme 
39). Using 0.1 equiv. of TfOH, 1g underwent a cyclization to obtain the THP product 
3g. In the presence of catalytic amount of In(OTf)3, bishomoallylic alcohol 1g and p-
chlorobenzaldehyde underwent a facile (3,5)-oxonium ene-type cyclizations to form 
5g. The versatile alkene functionality in the bishomoallylic alcohol could be 
converted into aldehyde group by ozonolysis. In addition, using catalytic amount of 
Grubbs 2nd generation catalyst, the bishomoallylic alcohol and methacrolein 
underwent the olefin metathesis to form an α,β-unsaturated carbonyl compound 7g in 
the E/Z ratio of 96:4. 
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Scheme 39.  Conversion of 1g to different functionalities via simple organic reactions. 
 
The versatility of the bishomoallylic alcohol 1 further encouraged us to 
develop an asymmetric synthesis of this class of alcohols. We envisioned that there 
are two possible approaches. One was to design a chiral nickel catalyst for this 
homoallylation, and the other was using the kinetic resolution to resolve the readily 
available racemic alcohols.  
 
Preliminary work on the design and synthesis of the chiral nickel catalyst for 
the homoallylation is in progress in our group. Here, we focused our attention on the 
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2.1 Introduction − Kinetic Resolution of Alcohols 
 
 Over the past few decades, the economic importance of the enantiomerically 
pure compounds has grown considerably.1 Nearly all natural products are chiral and 
commercial products such as perfumes, flavourings, pesticides and pharmaceutical 
products have stringent requirements for optical purity.2 The significance of chirality 
is also well recognized in the physiological and pharmacological properties of natural, 
as well as synthetic organic compounds.  
 
 Driven by the demand to enhance the economic balance of chemical process, 
there is an increasing interest in the transformation of racemates into a single 
stereoisomeric product without the occurrence of the other undesired isomer. Among 
all the techniques, kinetic resolution3 of racemates is one of the major methods for the 
production of enantiomerically pure compounds. It is based on the difference of 
reaction rates (kR, kS) of the enantiomers (SR, SS) during the transformation to PR and 
PS by a chiral catalyst via diastereomeric transition states (Scheme 40). Due to the fact 
that two enantiomeric species are reacting simultaneously at different rates, the 
relative concentration of SR/SS and PR/PS is changing as the reaction proceeds and, as a 
consequence, the enantiomeric composition and S and P become a function of the 
conversion. Recovery of the formed product PR and the unreacted enantiomer SS in 
nonracemic form constitutes a kinetic resolution. 
                                                  
1
 Stinson, S. C. Chem. Eng. News 1998, 76, 83. 
2
 Multiple authors. In Chirality in Industry: The Commercial Manufacture and Applications of 
Optically Active Compounds; Collins, A. N.; Sheldrake, G. N.; Crosby, J.; Eds. John Wiley & Sons: 
Chichester, 1992, vol. 1. 
3
 For excellent recent reviews on the principles and terminology of kinetic resolution, see: (a) Kagan, H. 
B. Tetrahedron 2001, 57, 2449. (b) Faber, K. Chem. Eur. J. 2001, 7, 5004. 
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Scheme 40. Kinetic resolution of a racemate. SR, SS = substrate enantiomers; PR, PS = product 
enantiomers; kR, kS = rate constants. 
 
 With the synthetic versatility of alcohols, kinetic resolution of alcohols has 
been the focus of intense interest. While the enzymatically mediated enantioselective 
processes are exceptionally effective in the kinetic resolution of the racemic and meso 
alcohols,4 the nonenzymatic kinetic resolution method is still in the development stage. 
Nevertheless, a lot of excellent work on the nonenzymatic kinetic resolution of 
alcohols have been reported in the past few years. 
 
 During the mid-1990s, Evans et al.5 and Vedejs and Chen6 reported the first 
stoichiometric chiral acylating agents that are effective for the kinetic resolution of 
alcohols. Using N-benzoyloxazolidinones as the acylating agent in stoichiometric 
amount, Evans et al. successfully developed a nonenzymatic kinetic resolution with 
enantiomeric excess ranging from 53% to 95% in 1993 (Scheme 41).5 Instead of using 
N-benzoyloxazolidinones, Vedejs and Chen used the chiral DMAP derivative as the 
chiral acylating reagent in the kinetic resolution of secondary alcohols (Scheme 42).6 
Although this chiral reagent must be employed in stoichiometric amount, the chiral 
DMAP derivative are recovered unchanged at the end of the reaction and can be 
reused. 
                                                  
4
 (a) Klibanov. A. M. Acc. Chem. Res. 1990, 23, 114−120. (b) Chen, C.–S.; Sih, C. J. Angew. Chem., 
Int. Ed. Eng. 1989, 28, 695−707. (c) Jones, J. B. Tetrahedron 1986, 42, 3351−3403. (d) Whitesides, G. 
M.; Wong, C. –H. Angew. Chem., Int. Ed. Eng. 1985, 24, 617−638. 
5
 Evans, D. A.; Anderson, J. C.; Taylor, M. K. Tetrahedron Lett. 1993, 34, 5563−5566. 
6
 Vedejs, E.; Chen, X. J. Am. Chem. Soc. 1996, 118, 1809−1810. 
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R = CMe3, CHMe2, c-C6H11, CH2Ph
Conditions: MgBr.OEt2 (1 equiv.); N-methylpiperidine (1 equiv.);
                   ROH (10 equiv.); CH2Cl2, 25oC, 30 min.
55 to 85% ee
 














Lewis acid (2 equiv.)
amine (3 equiv.)ROH
+ ROH
78 to 94% ee
 
Scheme 42. Enantioselective acylation mediated by a chiral DMAP derivative – kinetic resolution of 
secondary alcohols. 
 
 These pioneering results provided the basis for the subsequent development of 
nonenzyme-based enantioselective acylation. Soon after, many effective non-
enzymatic acylation catalysts were developed for the kinetic resolution of alcohols.  
In 1999, Vedejs et al. employed a reactive chiral phosphine catalyst for the 
enantioselective acylation of secondary alcohols (Scheme 43).7 It was found that the 
chiral phosphine catalyst together with (i-PrCO)2O in heptane worked well in the 
                                                  
7
 (a) Vedejs, E.; Daugulis, O. J. Chem. Am. Soc.1999, 121, 5813−5814. (b) Vedejs, E.; Daugulis, O.; 
Diver, S. T. J. Org. Chem. 1996, 61, 430−431. 
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kinetic resolution of wide variety of aryl alkyl carbinols. The enantiomeric excess of 


























72 to 99% ee
38 to 95% ee
i-PrCO2
 
Scheme 43. Reactive chiral phosphine catalyst for enantioselective acylation. 
 
 Oriyama and co-workers designed a simple chiral catalyst for the acylation of 
cyclic alcohols (Scheme 44).8 By using a chiral diamine derived from S-proline and 
achiral acyl halides under mild reaction conditions, high enantioselectivities of cyclic 



















nn = 1 to 4
 
Scheme 44.  Nonenzymatic enantioselective acylation of racemic secondary alcohols catalyzed by a 
SnBr2-chiral diamine complex. 
 
 Moreover, Miller et al. have taken a different approach for asymmetric 
nucleophilic acylation. They used a peptide-based backbone along with an active 
acylating N-alkyl imidazole subunit to selectively acylate secondary alcohol 
                                                  
8
 Oriyama, T.; Hori, Y.; Imai, K.; Sasaki, R. Tetrahedron Lett. 1996, 37, 8543−8546. 
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enantiomers (Scheme 45). 9  The peptide backbone might have served in the 
recognition and stabilization of the transition state leading to the acylated product. 
The peptide catalysts also seemed attractive for use in combinatorial library synthesis, 














HO NHAc AcO NHAc5 mol% of catalyst
1 equiv. of Ac2O
toluene, 0oC
 
Scheme 45. Kinetic resolution of alcohols catalyzed by tripeptides containing the N-alkylimidazole 
substructure. 
 
 The acylation of alcohols by anhydrides, catalyzed by 4-
(dimethylamino)pyridine  (DMAP),10  is the most frequently encountered tactic in 
nucleophilic catalysis. The mechanism (Scheme 46) by which DMAP accelerates this 
process provides an instructive illustration of how nucleophiles can catalyze chemical 
transformations. In the presence of DMAP, acylations typically occur several orders 
of magnitude more rapidly than in its absence. Due to the fact that DMAP is one of 
                                                  
9
 Miller, S. J.; Copeland, G. T.; Papaioannou, N,; Horstmann, T. E.; Ruel, E. M. J. Am. Chem. Soc. 
1998, 120, 1629−1630. 
10
 (a) Hassner, A.; Krepski, L. R.; Alexanian, V. Tetrahedron 1978, 34, 2069−2076. (b) Scriven, E. F. 
V. Chem. Soc. Rev. 1983, 12, 129−161. (c) Höfle, G.; Steglich, W.; Vorbrüggen, H. Angew. Chem., Int. 
Ed. Eng. 1978, 17, 569−583. 
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the most useful nucleophilic catalysts, many chemists perceived chiral DMAP-
























Scheme 46.  Mechanism for the DMAP-catalyzed acylation of alcohols. 
 
 Fuji and co-workers came up with an interesting design for ‘induced-fit’ 
catalysis demonstrated by some enzymes.11 This design was based on a DMAP-type 
reactive center. In the ground state, this catalyst existed in an “open conformation” (A, 
Figure 12), which was free from steric interaction at the active site. Thus, a facile 
reaction took place with acid anhydride and formed an active acylated intermediate (B, 
Figure 12). This resulting “close-conformation” intermediate was suitable for 
controlling the pi-facial reactivity of its N-acyliminium moiety, which directed the 
enantioselectivity of the subsequent acylation of alcohols. The recognization of the 
catalyst generated by binding of the specific substrate (acid anhydride) is referred to 
as an “induce-fit” process, which has been currently recognized as a key process in 
enzymatic catalysis. Using this designed catalyst, the enantiomeric excess of the 
                                                  
11
 Kawabata, T.; Nagato, M.; Takasu, K.; Fuji, K. J. Am. Chem. Soc. 1997, 119, 3169−3170. 
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recovered alcohols ranged from 92 to >99% at 68 to 70% conversion. However, this 














A (open conformation) B (closed conformation)
H H
 
Figure 12. Open and closed conformations of Fuji’s “induced-fit” catalyst. 
 
 Because of its remarkable versatility, DMAP constituted a particularly inviting 
starting point to Fu et al. for the design of a chiral nucleophilic (Lewis base) 
catalyst.12 In order to use DMAP as a chiral acylation agent, one must differentiate the 
two mirror planes. Fu came up with an ingenious way of eliminating these two mirror 
planes, through pi-complexation of the pyridine ring to a metal (MLn) together with 
incorporation of a substituent in the 2-position of the pyridine ring. The chirality that 
resulted from pi-complexation to a metal was commonly referred to a “planar 
chirality”.13 In their study, they choose the iron cyclopentadienyl group (FeCp*, Cp* 
is a cyclopentadienyl derivative ligand) as the metal fragment, MLn, because of its 
electron-rich nature, stability and steric bulk (Figure 13).  
                                                  
12
 Fu, G. C. Acc. Chem. Res.2000, 33, 412−420. 
13
 (a) Schlögl, K. Top. Curr. Chem. 1984, 125, 29−62. (b) Eliel, E. L.; Wilen, S. H. Stereochemistry of 
Organic Compounds; Wiley Interscience: New York, 1994. 
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Figure 13.  Fu’s planar-chiral heterocycle catalysts. 
 
 Since 1995, Fu and co-workers have successfully employed the designed 
planar-chiral heterocycles as asymmetric nucleophilic catalysts for the kinetic 
resolution of various alcohols (Scheme 47). This superior nucleophilic catalyst has 
been used and effectively resolved three families of alcohols, i.e. aryl alkyl 
carbinols,14 allylic alcohols14(b),15 and propargylic alcohols,16 with good to outstanding 
stereoselectivities. From the practical point of view, this catalyst was significant not 
only due to the remarkable efficiency in the kinetic resolution, but also due to the high 
catalyst turnover and the catalyst recoverability, as well as the low sensitivity of the 
reaction to oxygen, moisture, and adventitious impurities. 
                                                  
14
 (a)  Ruble, J. C.; Fu, G. C.  J. Org. Chem. 1996, 61, 7230−7231. (b)Ruble, J. C.; Latham, H. A.; Fu, 
G. C.  J. Am. Chem. Soc. 1996, 119, 1492−1493. 
15
 Bellemin-Laponnaz, S.; Tweddell, J.; Ruble, J. C.; Breitling, F. M.; Fu, G. C.  Chem. Commun. 2000, 
1009−1010. 
16
 Tao, B.; Ruble, J. C.; Hoic, D. A.; Fu, G. C.  J. Am. Chem. Soc. 1999, 121, 5091−5092. 
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1 mol% of (-)-catalyst
t-amyl alcohol
NEt3, 0oC
95% ee @ 52% conv. to 






























R = H, aryl, alkyl
R1 = alkyl
90% ee @ 73% conv. to 


















R2 = unsaturated group 93% ee @ 63% conv. to 
99%ee @ 71% conv.
 
Scheme 47. Nonenzymatic kinetic resolution of various alcohols using a planar-chiral DMAP 
derivative. 
 
 Spivey and co-workers have made other advances in DMAP-based chiral 
catalysts. His “axially chiral” analogs of DMAP exploited the high rotation of barrier 
about the aryl−aryl bond to produce atropisomers17 that are selective in the acylation 
of secondary alcohols.18   
                                                  
17
 Atropisomer is a type of stereoisomerism that may arise in systems where free rotation about a single 
covalent bond is impeded sufficiently so as to allow different stereoisomers to be isolated. Moss, G. P. 
Pure Appl. Chem. 1996, 68, 2193.  
18
 (a) Spivey, A. C.; Fekner, T.; Spey, S. E. J. Org. Chem. 2000, 65, 3154−3159. (b) Spivey, A. C.; Zhu, 
F.; Mitchell, M. B.; Davey, S. G.; Jarvest, R. L. J. Org. Chem. 2003, 68, 7379−7385. 
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R1 = alkyl R2 = Me, i-Pr 73 to 91% ee
 
Scheme 48. Kinetic resolution of alcohol catalyzed by an atropisomeric biaryl DMAP-based catalyst. 
 
 In 2003, another interesting example of kinetic resolution of alcohol using 3β-
acetoxyetienic acid as the chiral acyl donor was reported by Kita et al. (Scheme 49).19 
This kinetic resolution was based on the CH/pi interaction of the 18-CH3 group and 
the Ar group in the corresponding ester. The efficiency for the kinetic resolution was 




















Scheme 49.  Effective nonenzymatic kinetic resolution of (+)-trans-2-arylcyclohexanols using 3β-
acetoxyetienic aicd, DCC, and DMAP. 
 
                                                  
19
 Matsugi, M.; Hagimoto, Y.; Nojima, M.; Kita, Y. Organic Process Research & Development 2003, 7, 
583−584. 
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Other than acylation, Stoltz and co-workers developed a palladium-catalyzed 
oxidative kinetic resolution of secondary alcohols (Scheme 50). 20  The resolution 
employed molecular oxygen as the terminal oxidant in conjunction with the naturally 
occurring diamine ligand (−)-sparteine. This method also performed well in 
multigram scale. Sigman et al. reported a mechanistic study of the role of (−)-
sparteine in this Pd (II)-complex catalyzed kinetic resolution at the same period.21 
They found that the (−)-sparteine played a dual role as a ligand on palladium and an 










MS 3A, O2, PhCH3, 80oC




Scheme 50. The palladium-catalyzed oxidative kinetic resolution of secondary alcohols with molecular 
oxygen. 
 
 Despite the progress that has been made in the field of nonenzymatic kinetic 
resolution of alcohols, its chemistry is still in its infancy. So far only four families of 
alcohols have been kinetically resolved with good to outstanding stereoselectivities 
(i.e. aryl alkyl carbinols,5,6,7,14,18,20,21 cycloalkanols,8 ,9,11,19 allylic alcohols6,14(b),15 and 
propargylic alcohols16). Herein, we report a chemical kinetic resolution of a fifth 
family of alcohols, bishomoallylic alcohols, using an In(OTf)3-catalyzed (3,5)-
oxonium ene-type cyclization.  
                                                  
20
 Ferreira, E. M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 123, 7725−7726. 
21
 (a) Mueller, J. A.; Jensen, D. R.; Sigman, M. S. J. Am. Chem. Soc. 2002, 124, 8202−8203. (b)  
Jensen, D. R.; Sigman, M. S. Org. Lett. 2003, 5, 63−65. (c) Mueller, J. A.; Sigman, M. S. J. Am. Chem. 
Soc.2003, 125, 7005−7013. 
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2.2 Results and Discussion 
  
Recently, our group reported that bishomoallylic alcohols and aldehydes can 
undergo facile (3,5)-oxonium ene-type cyclizations in the presence of a catalytic 
amount of In(OTf)3 (Scheme 51).22  It was found that all examples gave 2,3-trans-2,6-
cis relative stereochemistry predominantly, exhibiting excellent stereoselectivity. This 
can be rationalized on the basis of an all-equatorial substitution pattern in a cyclic six-


























Scheme 52. Stereochemical outcome of 3,5-oxonium ene type cyclization. 
 
In conjunction with our ongoing project, we investigated the stereoinduction 
of chiral aldehydes in this reaction. In an initial experiment, a solution of the 
bishomoallylic alcohol 8b 23  (0.3 mmol) and the commercially available steroidal 
aldehyde 9 (0.3 mmol) in CH2Cl2 (1 mL) was stirred with a catalytic amount of 
In(OTf)3 (10 mol%) at room temperature (Scheme 53). After 3−4 h, TLC analysis 
                                                  
22
 Loh, T.-P.; Hu, Q.-Y.; Tan, K.-T.; Cheng, H.-S. Org. Lett. 2001, 3, 2669−2672. 
23
 Loh, T. P.; Song, H. Y.; Zhou, Y. Org. Lett. 2002, 4, 2715−2717 and references therein. 
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indicated that approximately half of the substrates have been consumed. No 
significant progress of the reaction was observed even with a prolongation of the 
reaction time to 16 h. Furthermore, only one cyclization product was observed by 
TLC and crude 1H NMR spectroscopy, which indicated a kinetic resolution of 
racemate alcohol. After chromatography purification, the recovered alcohol was 




























Scheme 53. Kinetic resolution of bishomoallylic alcohol 8b. 
 
 Encouraged by this preliminary result, we investigated the reaction conditions 
for the kinetic resolution of bishomoallylic alcohol 8b. It was found that the 
enantiomeric excess of the alcohol 8b was increased from 44, 80, 98 to >99% ee as 
the reaction time increased from 0.5, 1, 2, 3 to 4 h respectively. This data indicated 
that the kinetic resolution was very rapid and reached maximum conversion in 4 h at 
                                                  
24
 The recovered alcohol was converted to its 3,5-dinitrobenzoate ester, and then subjected to HPLC 
analysis by using OD Daicel chiralcel HPLC column (n-hexane:isopropanol = 99:1; flow rate: 1 
mL/min, Rt = 7.52 and 8.38 min). 
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room temperature.  In turn, we also investigated the catalytic ability of different acids. 
In(OTf)3, InCl3, InBr3, TSA and CSA were used during our investigation and the 
enantiomeric excess of 8b were found to be >99%, 22%, 98%, 32% and 8% 
respectively. In(OTf)3 had the best catalytic activity (Scheme 53).  
 
 With the optimized reaction conditions, we examined the applicability of this 
new kinetic resolution method to various substrates. The results are summarized in 
Table 17. This method worked very well with different R groups (from linear (Table 
17, Entry 1, 5, 6, 7 & 8) and bulky (Table 17, Entry 2 & 3) aliphatic substituents to 
aromatic substituents (Table 17, Entry 4)) and gave consistently, high enantiomeric 
excesses ranging from 88% to >99% ee. 


















Entry 8 R Yield (10)b Yield (11)c ee(11) 
1 a BnOCH2CH2 44% 28% >99%d (S)        
2 b (CH3)2CH 49% 27% >99%d (S) 
3 c c-C6H11 47% 22% >99%e (S) 
4 d Ph 40% 23% >99%d (S) 
5 e PhCH2CH2 49% 37% 92%d (S) 
6 f BnOCH2CH2CH2 26% 23% 88%f (S) 
a
 Strem Chemicals, Inc. b Purified yield. c The resolved alcohol 11 was converted to its corresponding 
3,5-dinitrobenzoate ester directly after the reaction. Purified yield. d ee was determined using an OD 
Daicel Chiralcel HPLC column. e ee was determined using an AD Daicel Chiralpak HPLC column. f ee 
was determined by using an OJ Daicel Chiralcel HPLC column. 
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The stereochemistry of the cyclization product 10 was fully established by a 
series of spectroscopic analyses, as well as single-crystal X-ray diffraction analysis of 
10c (Figure 14).25  
 
Figure 14. Crystal structure of 10c. 
 
 To rationalize the stereochemical course of this reaction, a transition state 
assembly was proposed as shown in Figure 15. First, the electrophilic addition of the 
alkene to oxonium ion at C-22 followed the Cram-Felkin-Anh model.26,27 Second, the 
nucleophilic alkene was tethered through a six-membered chair conformation, which 
set all substituents to be equatorial so as to minimize axial steric interactions. The 
above two principles posed by this rigid transition assembly nicely linked the chiral 
center at C-20 to all prochiral centers or the chirality of rac-8. Thus, the chiral centers 
at C-22 and C-23 were established via 1,2- and 1,3-stereocontrol. Meanwhile, the 
remote 1,4-stereo communication28 successfully distinguished the chirality of rac-8, 
and the highly efficient kinetic resolution was realized. As a result, in a single 
                                                  
25
 X-ray data for 3c: Empirical formula C35H54O2; formula weight 506.78; crystal system orthorhombic; 
space group  P2(1)2(1)2(1); unit cell dimensions a = 6.2915(10)Å, b = 16.082(3)Å, c = 30.679 Å; 
volume 3104.1(9) Å3; Z = 4; Goodness-of-fit on F2 1.102; R1 = 0.0830, wR2 = 0.1702. 
26
 (a) Ann, N. T.; Eisenstein, O. Nouv. J. Chim. 1977, 1, 61−70. (b) Chérest, M.; Felkin, H.; Prudent, N. 
Tetrahedron Lett. 1968, 2199−2204. 
27
 For an anti-Cram addition example, see: Cheng, H.-S.; Loh, T.-P. J. Am. Chem. Soc. 2003, 125, 
4990−4991. 
28
 For reviews, see: (a) Mikami, K.; Shimizu, M.; Zhang, H.-C.; Maryanoff, B. E. Tetrahedron 2001, 
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oxonium-ene reaction, the stereocenter at C-20 of chiral aldehyde substrate 9 











































Figure 15. Transition state of the (3,5)-oxonium ene-type cyclization. 
 
 Having established the kinetic resolution method and the remote 1,4-stereo 
control mechanism, we examined its applicability and predictability in the synthesis 
of natural products. Sulcatol 12 is the male-produced aggregation pheromone, which 
was first isolated from Gnathotrichus sulcatus.29 Its important biological activity for 
the insect pest control, together with its biochemical and chemical synthetic relation 
with another important pest attractant, pityol 13,30 stimulated extensive interest in its 
enantioselective synthesis.31 By using our kinetic resolution, we successfully resolved 
the commercial available racemic alcohol in a single step, and gave (R)-sulcatol in 
98% ee (Scheme 54). 
                                                  
29
 (a) Byrne, K. J.; Swigar, A. A.; Silverstein, R. M.; Borden, J. H.; Stokkink, E. J. Insect Physiol. 1974, 
20, 1895 (b) Borden, J. H.; Chong, L.; McLean, J. A.; Slessor, K. N.; Mori, K. Science 1976, 192, 
894−896. 
30
 (a) Mori, K.; Puapoomchareon, P. Liebigs Ann. Chem. 1987, 271−272. (b) Mori, K.; 
Puapoomchareon, P. Liebigs Ann. Chem. 1989, 1261−1262. 
31
 (a) Mori, K. Tetrahedron 1975, 31, 3011−3012. (b) Mori, K. Tetrahedron 1981, 37, 1341−1342. (c) 
Davies, S. G.; Smyth, G. D. Tetrahedron: Asymmetry 1996, 7, 1005−1006. (d) Arnone, A.; Bravo, P.; 
Panzeri, W.; Viani, F.; Zanda, M. Eur. J. Org. Chem. 1999, 117, 7−127. 
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Scheme 54. Synthesis of (R)-Sulcatol. 
 
Despite the excellent resolution achieved, there were still some scope and 
limitations for this method. In our kinetic resolution a stoichiometric amount of chiral 
source (steroidal aldehyde) was required. In principle, 0.5 equiv. of the steroidal 
aldehyde added to 1.0 equiv. of the alcohol should be sufficient for a kinetic 
resolution. However, in our case, one equiv. of steroidal aldehyde was required. If the 
loading of this chiral source was lowered down to 0.5 equiv., the ee obtained was 
significantly lower compared to that when one equiv. of steroidal aldehyde was used. 
We attributed this to the epimerization of the steroidal aldehyde in the presence of 
In(OTf)3. In the progress of kinetic resolution, the ratio of aldehyde and In(OTf)3 
increased due to the formation of the THP product. This phenomenon of 
epimerization is more pronounced when 0.5 equiv. of aldehyde was used. Hence the 
amount of epimerization increased, resulting in a drop in ee (Table 18, Entry 1). 
Whereas, when one equiv. of aldehyde was used, the high concentration of aldehyde 
will suppress the degree of epimerization and, hence, resulting in high selectivities. 
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Entry rac-8b 9 ee (11) 
1 1.0 equiv. 0.5 equiv. 62% (S) 
2 1.0 equiv. 1.0 equiv. >99% (S)   
 
Besides, due to the limitation of the chiral source, only one enantiomer of the 
bishomoallylic alcohol was obtained. The other enantiomer underwent the (3,5)-
oxonium ene-type cyclization to give the THP product. Some effort was invested to 
cleave the THP ring and recover the bishomoallylic alcohol.  
 
Acetic anhydride is able to cleave the dialkyl ethers in the presence of pyridine 
hydrochloride or anhydrous iron(III) chloride.32 With this information, we envisaged 
that, using acetic anhydride together with In(OTf)3, we may able to cleave the THP 
ring. Our investigation started with a simple THP product, 14, which was synthesized 
using p-methoxybenzaldehyde and rac-sulcatol (Scheme 55). After 10 minutes, 14 
was completely reacted. However, we did not obtain our desired result. Instead, a 
                                                  
32
 (a) Peet, N. P.; Cargill, R. L. J. Org. Chem. 1973, 38, 1215. (b) Goldsmith, D. J.; Kennedy, E.; 
Campbell, R. G. J. Org. Chem. 1975, 40, 3571. 
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rearranged cyclized product, 15, was formed in an extremely low yield together with 













Cleaveage of the THP ring
 
Scheme 55. Formation of indene-based compound. 
 
The indene-based compound 15 was found to be useful in the synthesis of new 
analogues of the non-steroidal anti-inflammatory drug sulindac (Scheme 56).33 A lot 
of studies have been done on this class of compounds, due to the use of sulindac for 
cancer treatment and cancer prevention.34  
 
 
                                                  
33
 (a) Maguire, A. R.; Papot, S.; Ford, A.; Touhey, S.; O’Connor, R.; Clynes, M. Synlett 2001, 1, 41−44. 
(b) Lautens, M.; Marquardt, T. J. Org. Chem. 2004, 69, 6079−6093. 
34
 Selected references: (a) Giardelliom R. M.; Hamilton, S. R.; Krush, A. J. N. Engl. J. Med. 1993, 328, 
1313. (b) Health, C. W.; Thun, M. J.; Greeberg, E. R.; Levin, B.; Marnett, L. J. Cancer 1994, 74, 2885. 
(c) Pepin, P.; Bouchard, L.; Nicole, P.; Castonguay,A. Carcinogenesis 1992, 13, 341. (d) Rao, C. V.; 
Rivenson, A.; Simi, B.; Zang, E.; Kelloff, G.; Steele, V.; Reddy, B. S. Cancer Res. 1995, 55, 1464. (e) 
Thompson, H. J.; Jiang, C.; Lu, J.; Menta, R. G.; Piazza, G. A.; Paranka, N. S.; Pamukcu, R.; Ahnen, D. 
J. Cancer Res. 1997, 57, 6. 
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Scheme 56. Synthesis of sulindac. 
   
As a result, further investigation was done on the formation of this new 
product. We changed the CH2Cl2 to CH3CN, a more polar solvent, hoping that this 
might increase the yield of the indene. However, instead of increasing the yield, we 



















Scheme 57.  Formation of pyridine ring. 
 
 A mechanism was proposed to explain to formation of 15 and 16 (Scheme 58). 
In the presence of In(OTf)3, intermediate 17 was formed after a nucleophilic addition 
followed by an elimination. This intermediate underwent an intra-molecular Friedel-
Craft cyclization reaction in acidic condition to give the compound 15. Intermediate 
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17 was a conjugated diene which can undergo a hetero-Diels-Alder reaction with 






































Scheme 58. Proposed mechanism. 
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Scheme 59. A proposed step-wise mechanism. 
 
 
Although the outcome was not consistent with our prediction, these two 
interesting results opened up a new area of In(OTf)3-catalyzed reactions. Further 
investigation is still in progress. 
                                                  
35
 This step-wise mechanism was proposed by thesis examiner.  
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2.3 Further Application of The In(OTf)3-Catalyzed Chemical Kinetic Resolution – 
Synthesis of (R)-(−)-α-Curcumene via Iron-Catalyzed Cross Coupling Reactions 
  
Encouraged by the excellent results on the kinetic resolution of the 
bishomoallylic alcohols, we continued our investigation to employ the resolved 
bishomoallylic alcohols in the synthesis of natural products. 
 
Bisabolanes, heliannanes, serrulatanes and pseudopterosins are important 
classes of natural products which are characterized by a benzylic chiral center, often 
carrying a methyl group at this position (Figure 16). 36  They have many useful 
biological activities37 such as anti-inflammatory, antiviral, and antimycobacterial. (R)-
(−)-α-Curcumene is the simplest member of bisabolanes. It is a consitutent of a large 
number of essential oils, and it has been amply demonstrated that intermediates for 
the synthesis of (R)-(−)-α-curcumene could in principle be used for a number of the 
other bisabolane and other related terpenes.36(a) 
                                                  
36
 For recent references, see the following and others cited therein. (a) Bisabolanes: Hagiwara, H.; 
Okabe, T.; Ono, H.; Kamat, V. P.; Hoshi, T.; Suzuki, T.; Ando, M.  J. Chem. Soc., Perkin Trans. 1 
2002, 895. Vyvyan, J. R.; Loitz, C.; Looper, R. E.; Mattingly, C. S.; Peterson, E. A.; Staben, S. T.  J. 
Org. Chem. 2004, 69, 2461. (b) Heliannanes: Kishuku, H.; Shindo, M.; Shishido, K. Chem. Commun. 
2003, 350. (c) Pseudopterosins: Look, S. A.; Fenical, W.; Jacobs, R. S.; Clardy, J. Proc. Natl. Acad. Sci. 
1986, 83, 6238. Johnson, T. W.; Corey, E. J. J. Am. Chem.. Soc. 2003, 125, 13486. Harrowven, D. C.; 
Tyte, M. J. Tetrahedron Lett. 2004, 45, 2089. (d) Serrulatanes: Rodriguez, A.; Ramirez, C. J. Nat. Prod. 
2001, 64, 100. Dehmel, F.; Lex, J.; Schmalz, H. –G. Org. Lett. 2002, 4, 3915. 
37
 (a) Bohlman, F.; Lonitz, M. Chem. Ber. 1978, 111, 843. (b) McEnroe, F. J.; Fenical, W. Tetrahedron 
1978, 34, 1661. (c) Fusetani, N.; Sugano, M.; Matsunaga, S.; Hashimoto, K. Experientia 1987, 43, 
1234. (d) Wright, A. E.; Pomponi, S. A.; McConnell, O. J.; Kohmoto, S.; McCarthy, P. J. J. Nat. Prod. 
1987, 50, 976. (e) Ohno, M.; Todoriki, R.; Yamamoto, Y.; Akita, H. Chem. Pharm. Bull. 1994, 42, 
1590. (f) Asaoka, M.; Shima, K.; Fuji, N.; Takei, H. Tetrahedron 1988, 44, 4757. (g) Rucker, G.; 
Breitmaier, E.; Manns, D.; Maier, W.; Marek,A.; Heinzmann, B.; Heiden, B.; Heiden, K.; Seggewies, S. 
Arch. Pharm. 1997, 330, 12. (h) Mayer, A. M. S.; Jacobson, P. B.; Fenical, W.; Jacos, R. S.; Glaser, K. 
B. Life Sci. 1998, 62, 401. 
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Figure 16. Prototypical natural products with chiral benzyl centers. 
 
Despite its rather simple structure, the stereocenter at the benzylic position38 
poses a significant challenge in asymmetric synthesis.  We envisioned that using the 
iron-catalyzed Grignard cross-coupling reaction 39  with the tosylated (R)-sulcatol, 
would enable the synthesis of (R)-(−)-α-curcumene in two step, provided there is no 
racemization during the cross coupling reaction (Scheme 60).  
 
                                                  
38
 Recent approaches: (a) Cesati, R. R.; de Armas, J.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 96. 
(b) Zhang, A.; RajanBabu, T. V. Org. Lett. 2004, 6, 3159. 
39
 (a) Nagano, T.; Hayashi, T. Org. Lett. 2004, 6, 1297−1299. (b) Scheiper, B.; Bonnekessel, M.; 
Krause, H.; Fürstner, A. J. Org. Chem. 2004, 69, 3943−3949. (c) Martin, R.; Fürstner, A. Angew. 
Chem., Int. Ed. 2004, 43, 3955−3957. 
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Scheme 60. Synthetic pathway of curcumene. 
 
 The rac-sulcatol 12 was successfully resolved and tosylated in one-pot and 
98% ee was obtained.40 The tosylated (R)-sulcatol 18 was further subjected to the 
iron-catalyzed cross-coupling reaction with p-tolymagnesium bromide. The 
curcumene 19 was obtained in 49% yield. All the efforts to determine the 
enantioselectivity of 19 using chiral HPLC failed. As a result, we further converted 19 









Scheme 61. Formation of alcohol 20. 
 
                                                  
40
 ee was determined using an ADH Daicel Chiralpak HPLC column (n-hexane:isopropanol = 99:1; 
flow rate: 1mL/min; Rt = 8.86 and 9.51 min.). 
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 Racemic alcohol 20 was obtained. 41  This showed that racemization occurred 
during the cross coupling reaction. This outcome was consistent with the results 
established by Fürstner39(c) which could be explained by a radical pathway.42  
 
Although the attempt to synthesize (R)-(−)-α-curcumene was unsuccessful, 
further study on the cross-coupling reaction using chiral iron-complexes is currently 
under investigation in our group. 
 
 
                                                  
41
 ee was determined using an ODH Daicel Chiralcel HPLC column (n-hexane:isopropanol = 95:5; 
flow rate: 1mL/min; Rt = 7.50 and 8.65 min.) 
42
 (a) Hayashi, Y.; Shinokubo, H.; Oshima, K. Tetrahedron Lett. 1998, 39, 63−66. (b) Wakabayashi, K.; 
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In conclusion, a series of racemic bishomoallylic alcohols 1 and 2 have been 
synthesized using both Et3B/Ni(acac)2 and Et2Zn/Ni(acac)2 catalyst systems. The 
regioselectivities have been studied. We have also demonstrated the versatility of 
bishomoallylic alcohols 1. 
 
An efficient chemical kinetic resolution of bishomoallylic alcohols 1 was 
established using In(OTf)3-catalyzed oxomiun ene-type cyclization. The 
bishomoallylic alcohols 1 can be selectively resolved up to >99% ee. The 
effectiveness of this resolution method was successfully demonstrated in a one-step 
synthesis of (R)-sulcatol with over 98% ee.   
 
Although high enantioselectivities were achieved, there were some limitations 
in the kinetic resolution. Efforts to overcome these limitations were done and further 
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General Information 
 Experiments involving moisture and/or air sensitive compounds were 
performed under a positive pressure of nitrogen in flame-dried glassware equipped 
with a rubber septum inlet. Solvents and liquid reagents were transferred by oven-
dried syringes cooled in a dessicator or via double-tipped cannular needles. 
 Reaction mixtures were stirred with Teflon-coated magnetic stirring bars 
unless otherwise stated. Moisture in non-volatile reagents/compounds was removed 
by the addition of the stated amount of anhydrous THF, followed by removal of the 
solvent and traces of moisture in vacuo by means of an oil pump (~30 mmHg, 23−50 
°C) and subsequent purging with nitrogen. 
 All experiments were monitored by analytical thin layer chromatography 
(refer to section under “Chromatography”). 
 Solvents were removed in vacuo at ~30 mmHg and heated with a water bath at 
23 °C using a Büchi rotary evaporator cooled with running water at 0 °C. 
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Materials 
 Commercial solvents and reagents were used without further purification with 
the following exceptions: 
 
Solvents 
 Hexane, ethyl acetate, dichloromethane and water were freshly distilled prior 
to use. Anhydrous THF and diethyl ether were obtained by distillation under nitrogen 
atmosphere from a deep purple solution resulting from sodium and benzophenone. 




 Triethylamine was distilled over calcium hydride under nitrogen atmosphere 
and stored over 4Å molecular sieves. Hydrochloric acid was diluted from a 12 M 
solution. Saturated solutions of sodium chloride, sodium bicarbonate, sodium 
carbonate, sodium thiosulphate and ammonium chloride were prepared from their 
respective solids. 
 Chromatography  
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Chromatography 
 Analytical thin layer chromatography was performed using Merck 60 F254 pre-
coated silica gel plates (0.25 mm thickness). Subsequent to elution, ultraviolet 
illumination of the chromatogram at 254 nm allowed for visualization of UV active 
material. Further visualization was achieved by staining with KMnO4 or ceric 
molybdate solution followed by heating on a hot plate. 
  
Flash column chromatography was performed using Merck Silica Gel 60 
(0.040−0.063 nm) and freshly distilled solvents. Columns were parked as slurry of 
silica gel in hexane and equilibrated with the appropriate solvent/solvent mixture prior 
to use. The analyte was loaded neat or as a concentrated solution using the appropriate 
solvent system. The elution was assisted by applying pressure of about 2 atm with an 
air pump. 
 
 Instruments  
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Instruments 
Infrared Spectroscopy 
 Infrared spectra were recorded on a Bio-RAD FTS 165 FTIR Spectrometer. 
Solid samples were analyzed as a KBr pellet while liquid samples were examined neat 
between KBr/NaCl salt plates. 
 
Optical Rotation 
 Optical rotation was measured using a JASCO DIP-1000 Digital Polarimeter 
equipped with a sodium vapour lamp at 589 nm. 
 
Mass Spectroscopy 
 Mass spectrometry was performed by the staff from the Chemical and 
Molecular analysis Centre of the National University of Singapore. MS and HRMS 
were reported in units of mass to charge ratio (m/z). 
 
Nuclear Magnetic Resonance Spectroscopy 
 Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 
resonance (13C NMR) spectroscopy were performed on a 300 MHz Bruker ACF 300, 
300 MHz Bruker DPX 300 or 500 MHz Bruker AMX 500 NMR spectrometer. 
 
 Chemical shifts are reported as δ in units of parts per million (ppm) downfield 
from tetramethylsilane (δ 0.00 ppm), using the residual solvent signal as an internal 
standard: deuterio chloroform-d, CDCl3 (1H NMR, δ 7.26 ppm, singlet; 13C NMR, δ 
77.03 ppm, triplet); deuterium oxide, D2O (1H NMR, δ 4.75 ppm, singlet); deuterio 
methanol (1H NMR, δ 4.79 ppm, singlet). 
 Instruments  
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Multiplicities are given as: s (singlet), d (doublet), t (triplet), q (quartet), qn 
(quintet), m (multiplets), br (broad singlet), dd (doublet of doublets), dt (doublet of 
triplets), td (triplet of doublets) and tt (triplet of triplets).  Coupling constants (J) are 
recorded in Hertz (Hz). The number of protons (n) for a given resonance was 
indicated by nH. The proton to which the signal belongs is highlighted in bold in the 
chemical representation. 
 
 In cases where two diastereomers were obtained, only the major isomer is 
assigned. The ratio of the isomers was determined by integration of the respective 
signals in the 1H NMR spectra or by comparing the relative intensities of the signals 
in the 13C NMR spectra. 
 
High Performance Liquid Chromatography 
 Chiral high performance liquid chromatography (HPLC) was performed on a 
JASCO HPLC system comprising of DG-980-50 3-Line Degasser, LG-980-02 
Ternary Gradient Unit, PU-980 Intelligent HPLC Pump, UV-975 Intelligent UV/VIS 
Detector and AS-950 Intelligent Sampler, employing OD Daicel Chiralcel, OJ Daicel 




 Systematic nomenclature for the compounds follows the numbering system as 
defined by IUPAC. Compounds were named using the ChemOffice 2004 ChemDraw 
8 Ultra program. 
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Procedures and Data – Part I 
Chapter 2 Asymmetric Mannich-Type Reaction 
2.3.1 InCl3-Catalyzed Three-Component Asymmetric Mannich-Type Reaction in 
Methanol 
 












1.0 equiv. 1.0 equiv. 1.2 equiv.
 
 
General reaction procedure: 
 To a solution of InCl3 (0.0440 g, 0.2 mmol) in MeOH (3 mL) was added L-
valine methyl ester (0.1312 g, 1.0 mmol) followed by 4-chlorobenzaldehyde (0.1406 
g, 1.0 mmol) under N2 at room temperature with stirring. The reaction mixture was 
stirred at room temperature for 30 minutes before the addition of 1-methoxy-2-
methyl-1-trimethylsilyloxypropene (0.24 mL, 1.2 mmol). The reaction was allowed to 
proceed for overnight at room temperature.  
 
 Water(10 mL) was then added to quench the reaction. Extraction of the 
reaction mixture with ethyl acetate (5 x 10 mL) was then carried out. The combined 
organic extract was washed with water (20 mL) and saturated sodium chloride 
solution (20 mL), dried over anhydrous sodium sulfate, filtered and concentrated 
under reduced pressure. Purification by silica gel flash column chromatography 
afforded the desired product. 1H NMR and 13C NMR were used to determine the 
purity and selectivity. 
 Procedures & Data – Part I 
 
 














(R,S)-isomer (major product) 
Rf: 0.48 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C20H25NO2 − 311.1885; found: [M+1]+ − 312.1965  
FTIR (NaCl, neat): 3027, 2972,1732,1462, 1452, 1135, 766,701 cm−1 
[α]25 : +36.48° (c = 0.0142 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.37−7.22 (m, 10H, Ph), 4.19 (s, 1H, PhCHC(CH3)2), 
3.77 (s, 3H, COOCH3), 3.53 (q, J = 6.27 Hz, 1H, NHCH(CH3)Ph), 1.27 (d, J = 6.27 
Hz, 3H, NHCH(CH3)Ph), 1.13 (s, 6H, C(CH3)2COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.7 (C), 146.6 (C), 139.1 (C), 128.8 (2C, CH), 
128.3 (2C, CH), 127.8 (2C, CH), 127.2 (CH), 126.8 (CH), 126.5 (2C, CH), 65.6 
(CH), 54.4 (CH), 51.7 (CH3), 47.7 (C), 24.1 (CH3), 21.6 (CH3), 19.1 (CH3) ppm 
 
(R,R)-isomer (minor product) 
Rf: 0.40 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C20H25NO2 − 311.1885; found: [M+1]+ − 312.1962  
FTIR (NaCl, neat): 3027, 2975, 1731, 1470, 1136, 759, 702 cm−1 
[α]25 : +115.38° (c = 0.0119 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.33−7.12 (m, 10H, Ph), 3.60 (s, 3H, COOCH3), 
3.55 (s, 1H, PhCHC(CH3)2), 3.37 (q, J = 6.63 Hz, 1H, NHCH(CH3)Ph), 1.24 (d, J = 
6.63 Hz, 3H, NHCH(CH3)Ph), 1.09 (s, 3H, C(CH3)(CH3)COOCH3), 0.97 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 145.4 (C), 139.5 (C), 128.9 (2C, CH), 
128.1 (2C, CH), 127.9 (2C, CH), 127.2 (CH), 127.1 (2C, CH), 126.8 (CH), 65.7 
(CH), 55.0 (CH), 51.9 (CH3), 47.1 (C), 25.1 (CH3), 24.2 (CH3), 19.6 (CH3) ppm 
 Procedures & Data – Part I 
 
 













(R,S)-isomer (major product) 
Rf: 0.48 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C24H27NO2 − 361.2042; found: [M+1]+ − 362.2115  
FTIR (NaCl, neat): 2975,1730, 1464, 1134, 910, 802, 776, 733, 705 cm−1 
[α]25 : -20.00° (c = 0.0123 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 8.02−7.29 (m, 12H, Ar), 4.41 (q, J = 6.27Hz, 1H, 
NHCH(CH3)C10H7), 4.38 (s, 1H, PhCHC(CH3)2), 3.85 (s, 3H, COOCH3), 1.49 (d, J = 
6.27Hz, 3H, NHCH(CH3)C10H7), 1.22 (s, 3H, C(CH3)(CH3)COOCH3), 1.20 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 142.4 (C), 138.9 (C), 133.8 (C), 130.7 
(C), 128.8 (2C, CH), 128.7 (CH), 127.8 (2C, CH), 127.3 (CH), 127.2 (CH), 125.6 
(CH), 125.4 (CH), 125.2 (CH), 123.5 (CH), 123.5 (CH), 65.6 (CH), 51.7 (CH), 50.4 
(CH3), 47.7 (C), 24.2 (CH3), 21.1 (CH3), 19.1 (CH3) ppm 
 
(R,R)-isomer (minor product) 
Rf: 0.36 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C24H27NO2 − 361.2042; found: [M+1]+ − 362.2125  
FTIR (NaCl, neat): 2975, 1729, 1454, 1250, 1130, 800, 778, 758, 702cm−1 
[α]25 : +99.09° (c = 0.0055 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.86−7.12 (m, 12H, Ar), 4.24 (q, J = 6.62Hz, 1H, 
NHCH(CH3)C10H7), 3.63 (s, 1H, PhCHC(CH3)2), 3.52 (s, 3H, COOCH3), 1.39 (d, J = 
6.62, 3H, NHCH(CH3)C10H7), 1.12 (s, 3H, C(CH3)(CH3)COOCH3), 0.98 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 141.1 (C), 139.7 (C), 133.9 (C), 131.6 
(C), 128.9 (2C, CH), 128.7 (2C, CH), 127.9 (2C, CH), 127.3 (CH), 127.1 (CH), 
125.5 (CH), 125.3 (CH), 125.1 (CH), 124.1 (CH), 123.3 (CH), 66.2 (CH), 51.5 
(CH3), 47.7 (C), 24.7 (CH3), 24.4 (CH3), 19.7 (CH3) ppm 
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(R,S)-isomer (major product) 
Rf: 0.53 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C24H27NO2 − 361.2042; found: [M+1]+ − 362.2121 
FTIR (NaCl, neat): 2972, 1732, 1464, 1250, 1134, 893, 858, 821, 749, 704 cm−1 
[α]25 : +78.27° (c = 0.0075 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.83−7.24 (m, 12H, Ar), 4.23 (s, 1H, PhCHC(CH3)2), 
3.79 (s, 3H, COOCH3), 3.70 (q, J = 6.62 Hz, 1H, NHCH(CH3)C10H7), 1.35 (d, J = 
6.62, 3H, NHCH(CH3)C10H7), 1.15 (s, 3H, C(CH3)(CH3)COOCH3), 1.14 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.7 (C), 144.1 (C), 139.2 (C), 133.4 (C), 132.7 
(C), 128.8 (2C, CH), 127.9 (CH), 127.8 (2C, CH), 127.8 (CH), 127.6 (CH), 127.2 
(CH), 125.8 (CH), 125.4 (CH), 125.5 (CH), 124.7 (CH), 65.8 (CH), 54.7 (CH), 51.7 
(CH3), 47.7 (C), 24.1 (CH3), 21.7 (CH3), 19.2 (CH3) ppm 
 
(R,R)-isomer (minor product) 
Rf: 0.48 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C24H27NO2 − 361.2042; found: [M+1]+ − 362.2127 
FTIR (NaCl, neat): 2974, 1729, 1462, 1250, 1131, 818, 754, 702, 656 cm−1 
[α]25 : +137.59° (c = 0.0054 g/mL, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.84−7.13 (m, 12H, Ar), 3.58 (s, 3H, COOCH3), 
3.56 (s, 1H, PhCHC(CH3)2), 3.53 (q, J = 6.62 Hz, 1H, NHCH(CH3)C10H7), 1.31 (d, J 
= 6.62, 3H, NHCH(CH3)C10H7), 1.08 (s, 3H, C(CH3)(CH3)COOCH3), 1.14 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 142.8 (C), 139.6 (C), 133.4 (C), 133.0 
(C), 128.9 (2C, CH), 127.9 (2C, CH), 127.8 (CH), 127.7 (2C, CH), 127.3 (CH), 
125.8 (CH), 125.8 (CH), 125.3 (2C, CH), 65.8 (CH), 55.1 (CH), 51.6 (CH3), 47.1 
(C), 25.0 (CH3), 24.2 (CH3), 19.7 (CH3) ppm 
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(S,R)-isomer (major product) 
Rf: 0.28 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C21H25NO4 − 355.1784; found: [M+1]+ − 356.1860  
FTIR (NaCl, neat): 2935, 1735, 1455, 1136, 758, 702, 667 cm−1 
[α]25 : +25.12° (c = 0.0125 g/mL, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.84−7.13 (m, 12H, Ar), 4.10 (s, 1H, 
NHCH(CO2Me)Ph), 3.93 (s, 1H, PhCHNH), 3.76 (s, 3H, COOCH3), 3.68 (s, 3H, 
COOCH3), 1.20 (s, 3H, C(CH3)(CH3)COOMe), 1.07  (s, 3H, C(CH3)(CH3)COOMe) 
ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 173.9 (C), 138.6(2C, C), 129.3 (2C, 
CH), 128.5 (2C, CH), 127.8 (3C, CH), 127.7 (CH), 127.1 (2C, CH), 67.4 (CH), 62.9 
(CH), 52.0 (2C, CH3), 47.3 (C), 23.4 (CH3), 19.7 (CH3) ppm 
 
(S,S)-isomer (minor product) 
Rf: 0.20 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C21H25NO4 − 355.1784; found: [M+1]+ − 356.1867 
FTIR (NaCl, neat): 2951, 1736, 1455, 1440, 1134, 768, 732, 701 cm−1 
[α]25 : +81.93° (c = 0.0088 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.32−7.15 (m, 12H, Ar), 4.02 (s, 1H, 
NHCH(CO2Me)Ph), 3.62 (s, 1H, PhCHNH), 3.58 (s, 3H, COOCH3), 3.56 (s, 3H, 
COOCH3), 1.14 (s, 3H, C(CH3)(CH3)COOMe), 0.98 (s, 3H, C(CH3)(CH3)COOMe) 
ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.3 (C), 173.1 (C), 138.3 (C), 138.1 (C), 129.0 
(2C, CH), 128.3 (2C, CH), 128.2 (2C, CH), 128.0 (3C, CH), 127.6 (CH), 65.2 (CH), 
62.6 (CH), 52.3 (CH3), 51.7 (CH3), 47.2 (C), 24.0 (CH3), 19.6 (CH3) ppm 
 Procedures & Data – Part I 
 
 















Rf: 0.48 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C18H27NO4 − 321.1940; found: [M+1]+ − 322.2021 
FTIR (NaCl, neat): 2956, 1733, 1470, 1135, 756, 742, 706 cm−1 
[α]25 : -69.81° (c = 0.0154 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.30−7.25 (m, 5H, Ph), 3.72 (s, 3H, COOCH3), 3.69 
(s, 1H, C6H5CH), 3.67 (s, 3H, COOCH3), 2.67 (d, J = 6.62, 1H, NHCHCO2Me), 
1.86−1.75 (m, 1H, CH(CH3)2), 1.16 (s, 3H, C(CH3)(CH3)COOMe), 1.00 (s, 3H, 
C(CH3)(CH3)COOMe), 0.92 (d, J = 6.96, 3H, CH(CH3)(CH3), 0.84 (d, J = 6.62, 3H, 
CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.4 (C), 175.7 (C), 138.8 (C), 129.6 (2C, CH), 
127.6 (3C, CH), 67.1 (CH), 64.6 (CH), 51.9 (CH3), 51.2 (CH3), 47.2 (C), 31.7 (CH), 
23.4 (CH3), 19.5 (2C, CH3), 18.6 (CH3) ppm 
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Rf: 0.08 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C18H27NO5 − 337.1889; found: [M+1]+ − 338.1966 
FTIR (NaCl, neat): 3339, 2965, 2877, 1767, 1732, 1487, 1470, 1087, 760, 740 cm−1 
[α]25 : -51.74° (de = 54 %, c = 0.0190 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 10.90 (br, 1H, PhOH, 7.35−6.72 (m, 4H, Ph), 3.77 (s, 
PhCHC(CH3)2CO2CH3), 3.75 (s, 3H, COOCH3), 3.72 (s, 3H, COOCH3), 3.07 (d, J = 
4.19, 1H, NHCHCO2Me), 2.02−1.95 (m, 1H, CH(CH3)2), 1.24 (s, 3H, 
C(CH3)(CH3)COOMe), 1.12 (s, 3H, C(CH3)(CH3)COOMe), 0.96 (d, J = 6.62, 3H, 
CH(CH3)(CH3), 0.92 (d, J = 6.97, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 176.6 (C), 173.7 (C), 157.9 (C), 131.7 (CH), 129.5 
(C) 129.3 (CH), 118.5 (CH), 117.1 (CH), 68.9 (CH), 64.6 (CH), 52.4 (CH3), 51.6 
(CH3), 47.9 (C), 31.6 (CH), 23.8 (CH3), 20.6 (CH3), 19.0 (CH3), 18.8 (CH3) ppm 
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Rf: 0.50 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C20H39NO4 − 357.2879; found: [M+1]+ − 358.2959 
FTIR (NaCl, neat): 2954, 2927, 2856, 1736, 1466, 1262, 1192, 1137, 995 cm−1 
[α]25 : -27.95° (de = 64%, c = 0.0122 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 3.69 (s, 3H, CO2CH3), 3.66 (s, 3H CO2CH3), 3.09 (d, 
J = 6.27, 1H, NHCHCO2CH3), 2.58 (s, 1H, NHCHC(CH3)2CO2CH3, 1.89−1.78 (m, 
1H, CH(CH3)2, 1.25 (br, 7H, C8H17), 1.14 (s, 3H, C(CH3)(CH3)CO2CH3), 1.12 (s, 3H, 
C(CH3)(CH3)CO2CH3), 0.94−0.85 (m, 10H, C8H17) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.0 (C), 175.5 (C), 65.8 (CH), 62.6 (CH), 51.6 
(CH3) 51.2 (CH3), 47.5 (C), 32.5 (CH2), 32.2 (CH), 31.8 (CH2), 30.0(CH2), 29.5 
(CH2), 29.2 (CH2), 28.3 (CH2), 22.6 (CH2), 21.7 (CH3), 21.5 (CH3), 19.0 (CH3), 
18.8 (CH3), 14.1 (CH3) ppm 
 Procedures & Data – Part I 
 
 














(S,R)-isomer (major product) 
Rf: 0.34 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C20H31NO4 − 349.2253; found: [M+1]+ − 350.2334 
FTIR (NaCl, neat): 2955, 1731, 1462, 1133, 994, 911, 731, 700 cm−1 
[α]25 : -28.07° (c = 0.0109 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.31−7.15 (m, 5H, Ph), 3.71 (s, 3H, COOCH3), 3.66 
(s, 3H, COOCH3), 3.15 (d, J = 5.92, 1H, NHCHCO2Me), 2.85−2.54 (m, 3H, 
PhCH2CH2, PhCH2CH2CH), 1.94−1.39 (m, 3H, PhCH2CH2, CH(CH3)2), 1.18 (s, 3H, 
C(CH3)(CH3)COOMe), 1.15 (s, 3H, C(CH3)(CH3)COOMe), 0.97 (d, J = 6.62, 3H, 
CH(CH3)(CH3), 0.95 (d, J = 6.62, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.8 (C), 175.5 (C), 142.5 (C), 128.4 (CH), 128.3 
(2C, CH), 125.8 (2C, CH), 65.8 (CH), 62.5 (CH), 51.7 (CH3), 51.3 (CH3), 47.4 (C), 
34.7 (CH2), 34.5 (CH2), 32.4 (CH), 21.7 (CH3), 21.7 (CH3), 19.1 (CH3), 18.8 (CH3) 
ppm 
 
(S,S)-isomer (minor product) 
Rf: 0.41 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C20H31NO4 − 349.2253; found: [M+1]+ − 350.2335 
FTIR (NaCl, neat): 2953, 1731, 1464, 1388, 1194, 1130, 748, 701 cm−1 
[α]25 : -19.73° (c = 0.0150g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.29−7.14 (m, 5H, Ph), 3.72 (s, 3H, COOCH3), 3.62 
(s, 3H, COOCH3), 3.02 (d, J = 6.97, 1H, NHCHCO2Me), 2.82−2.43 (m, 3H, 
PhCH2CH2, PhCH2CH2CH), 1.84−1.41 (m, 3H, PhCH2CH2, CH(CH3)2), 1.17 (s, 3H, 
C(CH3)(CH3)COOMe), 1.11 (s, 3H, C(CH3)(CH3)COOMe), 0.96 (d, J = 6.62, 3H, 
CH(CH3)(CH3), 0.89 (d, J = 6.62, 3H, CH(CH3)(CH3) ppm 
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13C NMR (75.4 MHz, CDCl3): δ 178.2 (C), 176.6 (C), 142.3 (C), 128.4 (3C, CH), 
125.8 (2C, CH), 68.0 (CH), 63.2 (CH), 51.5 (CH3), 51.4 (CH3), 48.5 (C), 35.4 (CH2), 


















Rf: 0.3 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C22H29NO4 − 371.2097; found: [M+1]+ − 372.2176 
FTIR (NaCl, neat): 2959, 1732, 1462, 1434, 1258, 1192, 1135, 911, 856, 822, 734 
cm−1 
[α]25 : -90.36° (de = 86%, c = 0.0111 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.84−7.45 (m, 7H, Ar), 3.88 (s, 1H, 
C10H7CHC(CH3)2COOMe), 3.74 (s, 3H, COOCH3), 3.69 (s, 3H, COOCH3), 2.69 (d, 
J = 6.27, 1H, NHCHCO2Me), 1.85−1.79 (m, 1H, CH(CH3)2), 1.23 (s, 3H, 
C(CH3)(CH3)COOMe), 1.06 (s, 3H, C(CH3)(CH3)COOMe), 0.94 (d, J = 6.62, 3H, 
CH(CH3)(CH3), 0.85 (d, J = 6.62, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.2 (C), 175.5 (C), 136.4 (C), 133.1 (C), 132.8 
(C), 128.8 (CH), 127.8 (CH), 127.4 (CH), 127.3 (CH), 127.0 (CH), 125.7 (CH), 
125.6 (CH), 67.2 (CH), 67.5 (CH), 51.9 (CH3), 51.1 (CH3), 47.3 (C), 31.6 (CH), 
23.4 (CH3), 19.5 (CH3), 19.5 (CH3), 18.5 (CH3) ppm 
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Rf: 0.40 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C22H29NO4 − 371.2097; found: [M+1]+ − 372.2178 
FTIR (NaCl, neat): 2957, 1731, 1462, 1433, 1133, 995, 789, 775cm−1 
[α]25 : -46.20° (c = 0.0100 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 8.12−7.41 (m, 7H, Ar), 4.85 (s, 1H, 
C10H7CHC(CH3)2COOMe), 3.73 (s, 3H, COOCH3), 3.64 (s, 3H, COOCH3), 2.60 (d, 
J = 6.63, 1H, NHCHCO2Me), 1.86−1.75 (m, 1H, CH(CH3)2), 1.26 (s, 3H, 
C(CH3)(CH3)COOMe), 0.95 (s, 3H, C(CH3)(CH3)COOMe), 0.92 (d, J = 6.62, 3H, 
CH(CH3)(CH3), 0.81 (d, J = 6.62, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 175.9 (C), 134.9 (C), 133.8 (C), 133.6 
(C), 128.9 (CH), 128.0 (CH), 126.9 (CH), 125.6 (CH), 125.0 (CH), 124.9 (CH), 
123.2 (CH), 64.6 (CH), 59.1 (CH), 52.1 (CH3), 51.2 (CH3), 48.2 (C), 31.6 (CH), 
24.0 (CH3), 19.5 (CH3), 19.2 (CH3), 18.6 (CH3) ppm 
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Rf: 0.33 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C18H26ClNO4 − 355.1550; found: [M+1]+ − 
356.1638 
FTIR (NaCl, neat): 2970, 1732, 1467, 1434, 1387, 1136, 837, 737, 704 cm−1 
[α]25 : -65.36° (c = 0.0179 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.33−7.23 (m, 4H, Ph), 3.69 (s, 3H, COOCH3), 3.66 
(s, 3H, COOCH3), 3.64 (s, 1H, ClC6H4CH), 2.59 (d, J = 6.63, 1H, NHCHCO2Me), 
1.84−1.72 (m, 1H, CH(CH3)2), 1.12 (s, 3H, C(CH3)(CH3)COOMe), 0.98 (s, 3H, 
C(CH3)(CH3)COOMe), 0.89 (d, J = 6.63, 3H, CH(CH3)(CH3), 0.82 (d, J = 6.63, 3H, 
CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.0 (C), 175.5 (C), 137.4 (C), 133.3 (C), 130.8 
(2C, CH), 127.8 (2C, CH), 66.5 (CH), 64.6 (CH), 52.0 (CH3), 51.3 (CH3), 47.0 (C), 
31.6 (CH), 23.1 (CH3), 19.5 (CH3), 19.5 (CH3), 18.5 (CH3) ppm 
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Rf: 0.30 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C17H25NO4 − 307.1784; found: [M+1]+ − 308.1863 
FTIR (NaCl, neat): 3447, 1734, 1173, 765, 702 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.32−7.27 (m, 5H, Ar), 4.12 (q, J = 7.32 Hz, 2H, 
CH2CH3), 3.93 (dd, J = 8.36, 5.22 Hz, 1H, PhCHCH2), 3.71 (s, 3H, COOCH3), 2.74 
(d, J = 6.24 Hz, 1H, NHCHCO2Me), 2.64−2.57 (m, 2H, PhCHCH2), 1.86−1.77 (m, 
1H, CH(CH3)2), 1.22 (t, J = 7.32 Hz, 3H, CH2CH3),  0.90 (d, J = 6.63 Hz, 3H, 
CH(CH3)(CH3), 0.84 (d, J = 6.60, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 175.5 (C), 171.3 (C), 142.2 (C), 128.4 (2C, CH), 
127.5 (2C, CH), 127.2 (CH), 64.2 (CH), 60.6 (CH2), 58.1 (CH), 51.3 (CH3), 43.7 
(CH), 31.6 (CH3), 19.4 (CH3), 18.4 (CH3), 14.1 (CH3) ppm 
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Rf: 0.25 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C17H24ClNO4 − 341.1394; found: [M+1]+ − 
342.1472; [M+23]+ − 364.1295 
FTIR (NaCl, neat): 3444, 2962, 1735, 1015, 833, 737 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.28−7.23 (m, 4H, Ar), 4.11 (q, J = 6.99 Hz, 2H, 
CH2CH3), 3.92 (dd, J = 8.16, 5.58 Hz, 1H, PhCHCH2), 3.71 (s, 3H, COOCH3), 2.69 
(d, J = 6.63 Hz, 1H, NHCHCO2Me), 2.58−2.49 (m, 2H, PhCHCH2), 1.86−1.80 (m, 
1H, CH(CH3)2), 1.22 (t, J = 6.99 Hz, 3H, CH2CH3),  0.89 (d, J = 6.63 Hz, 3H, 
CH(CH3)(CH3), 0.84 (d, J = 6.60, 3H, CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 175.4 (C), 171.0 (C), 140.8 (C), 133.2 (C), 128.9 
(2C, CH), 128.6 (2C, CH), 64.3 (CH), 60.7 (CH2), 57.5 (CH), 51.4 (CH3), 43.6 
(CH2), 31.6 (C), 19.4 (CH3), 18.4 (CH3), 14.1 (CH3) ppm 
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Rf: 0.30 (n-hexane : ethyl acetate = 6:1) 
HRMS (ESI, m/z): M+ calcd for C21H27NO4 − 357.1940; found: [M+1]+ − 358.2015; 
[M+23]+ − 380.1851 
FTIR (NaCl, neat): 3442, 2962, 1734, 1152, 859, 822, 747 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.83−7.70 (m, 4H, Ar), 7.54−7.44 (m, 3H, Ar), 
4.17−4.09 (m, 3H), 3.72 (s, 3H, COOCH3), 2.78 (d, J = 6.27, 1H, NHCHCO2Me), 
2.71−2.61 (m, 2H, PhCHCH2), 1.90−1.83 (m, 1H, CH(CH3)2), 1.21 (t, J = 6.96 Hz, 
3H, CH2CH3),  0.86 (d, J = 6.63 Hz, 3H, CH(CH3)(CH3), 0.84 (d, J = 6.60, 3H, 
CH(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 175.6 (C), 171.3 (C), 139.7 (C), 133.3 (CH), 133.1 
(CH), 128.3 (CH), 127.8 (CH), 127.6 (CH), 126.7 (CH), 126.0 (CH), 125.7 (CH), 
125.2 (CH), 64.3 (CH), 60.6 (CH2), 58.3 (CH), 51.4 (CH), 43.6 (CH2), 31.6 (CH), 
19.4 (CH3), 18.4 (CH3), 14.1 (CH3) ppm 
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To a solution of β-aminocarbonyl compound (1.0 mmol) in THF/MeOH (1:1, 
3 mL) was added NaBH4 (4.0 mmol) at 0°C with stirring. The reaction mixture was 
stirred for 4 h at 0 °C.  
Water (10 mL) was then added to quench the reaction. Extraction of the 
reaction mixture with ethyl acetate (3 x 10 mL) was then carried out. The combined 
organic extract was washed with water (20 mL) and saturated sodium chloride 
solution (20 mL), dried over anhydrous sodium sulfate, filtered and concentrated 
under reduced pressure. Purification by silica gel flash column chromatography 
afforded the desired product. 
Rf: 0.40 (n-hexane : ethyl acetate = 2:1) 
HRMS (ESI, m/z): M+ calcd for C17H26ClNO3 − 327.1601; found: [M+1]+ − 
328.1679; [M+23]+ − 350.1498 
FTIR (NaCl, neat): 3451, 2963, 1732, 1487, 1015, 835 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.30−7.23 (m, 4H, Ar), 3.70 (s, 3H, COOCH3), 3.64 
(d, J = 11.49 Hz, 1H, CHHOH), 3.45 (s, 1H, PhCH), 3.27 (d, J = 11.49 Hz, 1H, 
CHHOH), 2.74−2.73 (m, 1H, NHCHCH2), 1.95−1.84 (m, 1H, CH(CH3)2), 0.96 (s, 3H, 
C(CH3)(CH3)), 0.89 (d, J = 6.96 Hz, 6H, CH(CH3)(CH3), 0.71 (s, J = 6.60, 3H, 
C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 176.0 (C), 138.0 (C), 133.0 (C), 127.9 (4C, CH), 
70.7 (CH2), 68.0 (CH), 64.1 (CH), 51.6 (CH3), 38.7 (C), 31.5 (CH), 23.6 (CH3), 
20.6 (CH3), 19.6 (CH3), 18.1 (CH3) ppm 
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2.3.2 Asymmetric Mannich-Type Reactions Catalyzed by Indium (III)-Complexes in 
Ionic Liquids 
 















General reaction procedure: 
 To a solution of InCl3 (0.0440 g, 0.2 mmol) in ionic liquid (1 mL) was added 
L-valine methyl ester (0.1312 g, 1.0 mmol) followed by 4-chlorobenzaldehyde 
(0.1406 g, 1.0 mmol) at room temperature with stirring. The reaction mixture was 
stirred at room temperature for 30 minutes before the addition of 1-methoxy-2-
methyl-1-trimethylsilyloxypropene (0.24 mL, 1.2 mmol). The reaction was allowed to 
proceed for overnight at room temperature.  
 
 Water (10 mL) was then added. Extraction of the reaction mixture with diethyl 
ether/hexane (1:1, 5 x 10 mL) was the carried out. The combined organic extract was 
washed with water (20 mL) and saturated sodium chloride solution (20 mL), dried 
over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 
Purification by silica gel flash column chromatography afforded the desired product. 
1H NMR and 13C NMR were used to determine the purity and selectivity. 
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2.3.3 Asymmetric Three-Component Mannich-Type Reaction in Water: Design, 
Synthesis & Application of A New Chiral Auxiliary 
 















Dimethyl 2,3-dihydroxysuccinate 9 (17.80 g, 100 mmol) in anhydrous ether 
(250 mL) was treated with HIO4 (34.2 g, 150 mmol) at 0 °C and stirred for 1 hour 
under room temperature.  Then, 4Å molecular sieve (7.00 g) was added and the 
reaction mixture was stirred vigorously for 10 minutes before filtering through a pad 
of celite. Solvent was removed via vacuo at 0 °C. Subsequently, the crude product 
was distilled over P2O5 (2.50 g) at 60 mmHg (water aspirator) to obtain product 8 as a 
pale yellow liquid in 50% (8.50 g) yield.1 
 
Boiling point: 62 °C / 60 mmHg 
1H NMR (300 MHz, CDCl3): δ 9.30(s, 1H, CHO), 3.83(s, 3H, OCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 183.4, 160.0, 53.0 ppm 
                                                  
1
 (a) Mikami, K.; Nakai, T. J. Chem. Soc. Chem. Commun. 1993, 343 (b) Terada, M. Ph.D. Dissertation, 
Tokyo Institute of Technology, Japan, 1992. (c) Loh, T. P. M.Sc. Dissertation, Tokyo Institute of 
Technology, Japan, 1998. (d) Kelly, T. R.; Schmidt, J. D.; Haggerty, J. K. Sythesis 1972, 554. 
 Procedures & Data – Part I 
 
 
Experimental Section                                                                                                  143 
















Methyl formylformate 8 (3.00g, 34 mmol) in dry CH2Cl2 (30 mL) was stirred 
together with anhydrous Na2SO4 (8.00 g). After cooling to 0 °C, solution of (R)-α-
methyl benzylamine (4.4 mL, 34 mmol) in CH2Cl2 (10 mL) was added dropwise to 
the suspension. Then, the reaction mixture was allowed to stir at room temperature for 
another 12 hours before filtering through a pad of celite. Solvent was removed via 
vacuo. Subsequently, the crude product was purified by flash chromatography to 
obtain pure product as a yellow liquid in 92% (5.98 g, 31.3 mmol) yield. 
 
Rf: 0.40 (n-hexane : ethyl acetate = 4:1) 
FTIR (KBr, neat): 2975, 1723, 1645, 1449, 1373, 765, 702 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.76 (s, 1H, N=CH), 7.37−7.28 (m, 5H, Ph), 4.62 (q, 
J = 6.4 Hz, PhCH), 3.88 (s, 3H, OCH3), 1.64 (d, J = 6.4 Hz, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 163.6, 151.8, 142.4, 128.5, 127.4, 126.7, 69.5, 52.5, 
23.5 ppm.  
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An indium complex was preformed by stirring the ally bromide (1.14 mL, 
13.20 mmol) with the indium metal (1.00 g, 8.70 mmmol) in dry DMF (10 mL) for 2 
hours. A solution of (E)-methyl 2-((R)-1-phenylethylimino)acetate 6 (0.84 g, 4.40 
mmol) in CH2Cl2 (20 mL) was cooled to 0 °C before adding the indium complex. The 
reaction mixture was allowed to stir at room temperature for 6 hours. Saturated 
sodium bicarbonate (20 mL) was added to quench the reaction. The resulting 
suspension was then filtered through a pad of celite. The filtrate was extracted using 
ether (4 × 30 mL).  The combined organic layer was washed with water (4 × 30 mL) 
and brine (2 × 30 mL). Subsequently, the organic layer was dried over anhydrous 
sodium sulfate and concentrated via vacuo. The crude product was obtained as a 
mixture of two diastereomers in a ratio of 45:55. The diastereomers was separated by 
flash chromatography. The (R,R)-isomer was the minor product in 25% (0.26 g) yield 
and the (R,S)-isomer was the major product in 40% (0.41 g) yield.  
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Rf: 0.40 (n-hexane : ethyl acetate = 6:1) 
FTIR (KBr, neat): 3453, 2961, 1737, 1446, 1199, 1159, 762, 703 cm−1 
HRMS (EI, m/z): M+ calcd for C14H18NO2 − 232.1324; found: M+ − 232.1318 
1H NMR (300 MHz, CDCl3): δ 7.32−7.26 (m, 5H, Ph), 5.76−5.63 (m, 1H, CH=CH2), 
5.09−5.03(m, 2H,CH=CH2), 3.71 (q, J = 6.4 Hz, 1H, PhCH), 3.71 (s, 3H, OCH3), 
3.11 (t, J = 6.4 Hz, 1H, CH3OCCH), 2.32 (t, J = 6.4 Hz, 2H, CH2CH=CH2), 1.33 (d, J 
= 6.4 Hz, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 175.6, 144.9, 133.7, 128.3, 127.0, 126.8, 117.7, 











Rf: 0.33 (n-hexane : ethyl acetate = 6:1) 
FTIR (KBr, neat): 3454, 2974, 1738, 1641, 1445, 1199, 762, 701 cm−1 
HRMS (EI, m/z): M+ calcd for C14H18NO2 − 232.1324; found: M+ − 232.1318 
1H NMR (300 MHz, CDCl3): δ 7.32−7.21 (m, 5H, Ph), 5.83−5.69 (m, 1H, CH=CH2), 
5.13−5.07(m, 2H,CH=CH2), 3.78 (q, J = 6.6 Hz, 1H, PhCH), 3.58 (s, 3H, OCH3), 
3.38 (t, J = 6.3 Hz, 1H, CH3OCCH), 2.41 (t, J = 6.3 Hz, 2H, CH2CH=CH2), 1.34 (d, J 
= 6.6 Hz, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 174.6, 144.9, 133.4, 128.2, 126.9, 126.6, 117.7, 
58.5, 56.0, 51.3, 31.2, 23.0 ppm. 
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Pyridine (0.88 mL) was added to the solution of (R)-methyl 2-((R)-1-
phenylethylamino)pent-4-enoate 5a (0.65 g, 2.79 mmol) in CH2Cl2 (6 mL). The 
reaction mixture was cooled to 0 °C followed by adding the trifluoroacetic acid 
anhydride (0.80 mL, 5.58 mmol). The reaction mixture was then allowed to stir at 
room temperature for 12 hours. The reaction was quenched using ice water (10 mL). 
After that, the aqueous layer was extracted using ether (4 × 10 mL). The combined 
organic layer was washed with 1 M HCl solution (2 × 20 mL), water (30 mL) and 
brine (30 mL). Subsequently, the organic layer was dried over anhydrous sodium 
sulfate and concentrated via vacuo. The crude product was purified using flash 
chromatography to obtain product as pale yellow oil in 93% (0.85 g) yield. 
 
Rf: 0.45 (n-hexane : ethyl acetate = 6:1) 
FTIR (KBr, neat): 2981, 1746, 1691, 1449, 1203, 1150, 765, 700 cm−1 
HRMS (EI, m/z): M+ calcd for C16H18F3NO3 − 329.1239, found: M+ − 329.1235 
1H NMR (300 MHz, CDCl3): δ 7.41−7.26 (m, 5H, Ph), 5.92−5.78 (m, 1H, CH=CH2), 
5.39 (q, J = 6.8 Hz, 1H, PhCH), 5.15−5.09 (m, 2H, CH=CH2), 3.75 (t, J = 6.4 Hz, 1H, 
CH3OOCCH), 3.14 (s, 3H, OCH3), 3.13−3.04 (m, 1H, CH2CH=CH2), 2.63−2.54 (m, 
1H, CH2CH=CH2), 1.65 (d, J = 6.8 Hz, 3H, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 169.0, 156.1 (q, J = 35 Hz), 136.3, 134.9, 128.6, 
128.5, 128.3, 116.6 (q, J = 287 Hz), 117.8, 57.2, 55.7 (q, J = 3 Hz), 52.0, 34.6, 18.5 
ppm. 
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Rf: 0.33 (n-hexane : ethyl acetate =6:1) 
FTIR (KBr, neat): 2982, 1749, 1689, 1451, 1203, 1149, 767, 701 cm−1 
HRMS (EI, m/z): M+ calcd for C16H18F3NO3 − 329.1239, found: M+ − 329.1235 
1H NMR (300 MHz, CDCl3): δ 7.42−7.38 (m, 5H, Ar), 5.41 (q, J = 6.8 Hz, 1H, 
PhCH), 5.23−5.10 (m, 1H, CH=CH2), 4.68−4.65 (m, 1H, CH=CH2), 4.45−4.38 (m, 
1H, CH=CH2), 3.74 (s, 3H, OCH3), 3.65 (dd, J = 8.4, 4.4 Hz, 1H, CH3OOCCH), 
2.83−2.73 (m, 1H, CH2CH=CH2), 1.81−1.74 (m, 1H, CH2CH=CH2), 1.70 (d, J = 6.8 
Hz, 3H, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 169.9, 156.0 (q, J = 36 Hz), 137.1, 134.3, 128.9, 
117.15, 116.6 (q, J = 287 Hz), 57.7, 55.9 (q, J = 3 Hz), 52.4, 34.3, 16.9, 15.2 ppm. 
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A solution of LiOH (0.13 g, 3.10 mmol) in THF/H2O (1:1, 8 mL) was added 
to (R)-methyl 2-(2,2,2-trifluoro-N-((R)-1-phenylethyl)acetamido)pent-4-enoate 4a 
(0.85 g, 2.58 mmol). The reaction mixture was then allowed to stir at room 
temperature for 12 hours. Sodium bicarbonate was used, if necessary, to adjust the pH 
of the reaction mixture so that its pH was above 7. Then, the reaction mixture was 
washed using ethyl acetate (5 × 20 mL) to remove organic side products. 1 M HCl 
solution was added into the aqueous layer until litmus paper turned red. White 
precipitate was formed during the addition of 1 M HCl solution. Ethyl acetate was 
then added into the resulting mixture to dissolve the white precipitate. The organic 
layer was separated out and the aqueous layer was extracted using ethyl acetate (5 × 
20 mL). The combined organic layer was washed with water (30 mL) and brine (30 
mL). Subsequently, the organic layer was dried over anhydrous sodium sulfate and 
concentrated via vacuo. Pure product was obtained as a white solid in 91% (0.74 g, 
2.3 mmol) yield.  
 
Rf: 0.18 (n-hexane : ethyl acetate = 2:1) 
FTIR (KBr, neat): 3246, 2369, 2342, 1761, 1671, 1454, 1207, 1143, 754, 699 cm−1 
HRMS (EI, m/z): M+ calcd for C15H16F3NO3 − 315.1082, found: M+ − 315.1079 
1H NMR (300 MHz, CDCl3): δ 9.79 (br s, 1H, COOH), 7.39−7.25 (m, 5H, Ph), 
5.89−5.75 (m, 1H, CH=CH2), 5.38 (q, J = 6.8 Hz, 1H, PhCH), 5.13−5.08 (m, 2H, 
CH=CH2), 3.55 (t, J = 6.4 Hz, 1H, HOCCH), 3.09−3.00 (m, 1H, CH2CH=CH2), 
2.60−2.51 (m, 1H, CH2CH=CH2), 1.64 (d, J = 6.8 Hz, 3H, CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 173.4, 156.4 (q, J = 36 Hz), 136.0, 134.6, 128.9, 
128.6, 128.4, 116.5 (q, J = 287), 118.1, 57.2, 55.8 (q, J = 3 Hz), 34.6, 18.6 ppm. 
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Rf: 0.18 (n-hexane : ethyl acetate = 2:1) 
FTIR (KBr, neat): 3090, 2369, 2342, 1718, 1686, 1449, 1210, 1147, 760, 704 cm−1 
HRMS (EI, m/z): M+ calcd for C15H16F3NO3 − 315.1082, found: M+ − 315.1085 
1H NMR (300 MHz, CDCl3): δ 7.43−7.40 (m, 5H, Ph), 5.42 (q, J = 6.8, 1H, PhCH), 
5.17−5.09 (m, 1H, CH=CH2), 4.67 (d, J = 9.2 Hz, 1H, CH=CH2), 4.43 (d, J = 17.3 Hz, 
1H, CH=CH2), 3.62 (dd, J = 8.4, 4.0 Hz, 1H, HOCCH), 2.84−2.74 (m, 2H, 
CH2CH=CH2), 171 (d, J = 6.8 Hz, 3H,CHCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 175.3, 156.3 (q, J = 36 Hz), 137.0, 134.1, 129.0, 
129.0, 128.4, 116.6 (q, J = 287 Hz), 117.5, 57.7, 56.1 (q, J = 3 Hz), 34.2, 17.0 ppm. 
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Singel crystal X-ray diffraction analysis: 
 
Empirical formula C13H14F3NO3  
Formula weight 280.26 
Temperature 223(2)K 
Wavelength 0.71073 Å 
Crystal system Tetragonal  
Space group P4(3)2(1)2 
Unit cell dimensions a = 10.4094(5) Å       α = 90° 
 b = 10.4094(5) Å       β = 90° 
 c = 10.4094(5) Å       γ = 90° 
Volume 3237.3(3) Å3 
Z 9 
Density (calculated) 1.294 g/cm3 
Absorption coefficient 0.112 mm−1 
F(000) 1312 
Crystal size 0.6 × 0.5 × 0.4 mm3 
Theta range for data collection 2.07 to 30.04º 
Index ranges 
−13 ≤ h ≤ 14, −13 ≤ k ≤ 14, −4≤ l ≤ 31 
Reflections collected 27064 
Independent reflections 4735 [R(int) = 0.0955] 
Completeness to theta = 30.04° 99.8% 
Absorption correction Sadabs (Sheldrick, 1996) 
Max. and min. transmission 0.9637 and 0.6098 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4735 / 0 / 263 
Goodness-of-fit on F2 0.934 
Final R indices [I>2sigma(I)] R1 = 0.0462, wR2 = 0.0943 
R indices (all data) R1 = 0.0592, wR2 = 0.0988 
Absolute structure parameter 
−0.4(6) 
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A solution of InCl3 (1.11 g, 5mmol) in H2O (70 mL) was added to the 
benzaldehyde (3.05 mL, 30 mmol). The resulting solution was allowed to stir at room 
temperature for 10 minutes. 2-Aminophenol (2.73 g, 25 mmol) was added in one 
portion at room temperature. The reaction mixture was stirred at room temperature for 
12 hours. Ethyl acetate (50 mL) was then added to dissolve the black solid. The 
organic layer was separated out and the aqueous layer was extracted with ethyl acetate 
(5 × 30 mL). The combined organic layer was washed with brine (2 × 50 mL). 
Subsequently, the organic layer was dried over anhydrous sodium sulfate and 
concentrated via vacuo. The pure product was recrystallized (solvent: hexane and 
CH2Cl2) as a black solid in 79% (3.88 g, 19.7 mmol) yield.  
 
FTIR (KBr, neat): 3326, 2369, 2336, 1625, 1482, 765, 734, 689 cm−1 
HRMS (EI, m/z): M+ calcd for C13H11NO − 197.0841, found: M+ − 197.0831 
1H NMR (300 MHz, CDCl3): δ 8.69 (s, 1H, N=CH), 7.94−7.91(m, 2H, Ph), 
7.51−7.49 (m, 3H, Ph), 7.33−7.20 (m, 2H, Ph), 7.07−6.90 (m, 2H, Ph) ppm 
13C NMR (75.4 MHz, CDCl3): δ 157.1, 152.3, 135.8, 135.5, 128.9, 128.8, 128.8, 
120.0, 115.9, 115.0 ppm. 
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2-[(1-Phenylethyl)-(2,2,2-trifluoroacetyl)amino]-pent-4-enoic acid 2-(2-
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(E)-2-(Benzylideneamino)phenol 10 (0.06 g, 0.30 mmol) and (R)-2-(2,2,2-
trifluoro-N-((R)-1-phenylethyl)acetamido)pent-4-enoic acid 3a (0.10 g, 0.30 mmol) 
were added together in a dry round bottom flask. The reaction mixture was dried over 
anhydrous THF (3 × 4 mL). CH2Cl2 (2 mL) was added as the solvent. 1-Ethyl-3-(3-
dimethylamino propyl) cabodiimide methiodide (0.18 g, 0.60 mmol) was added in one 
portion. The reaction mixture was stirred at room temperature for 10 minutes before 
adding the dimethyl aminopyridine, DMAP (0.01 g, 0.09 mmol). The reaction mixture 
was allowed to stir at room temperature for 1 day.  
 
1-Methoxy-2-methyl-trimethylsilyloxypropene 11 (0.12 mL, 0.6 mmol) and 
InCl3 (0.07 g, 0.12 mmol) were added. The reaction mixture was then allowed to stir 
at room temperature for another 6 hours. After that, the reaction mixture was diluted 
with water (3 mL). Ethyl acetate (5 × 5 mL) was used to extract the aqueous layer. 
The combined organic layer was washed with water (2 × 15 mL) and brine (20 mL). 
Subsequently, the organic layer was dried over anhydrous sodium sulfate and 
concentrated via vacuo. The crude product was obtained as a mixture of two 
diastereomers with the ratio of 36:64. After purification using flash chromatography, 
the two optically pure isomers were obtained as colorless oil in 66% (0.23 g, 0.38 
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mmol) yield. Due to time constraints, the configuration of the two isomers has yet to 
be confirmed.  
 
2-[(1-Phenylethyl)-(2,2,2-trifluoroacetyl)amino]-pent-4-enoic acid 2-(2-






















    rt, 1 day
2) InCl3, H2O, rt, 6 h O
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(E)-2-(Benzylideneamino)phenol 10 (0.06 g, 0.30 mmol) and (R)-2-(2,2,2-
trifluoro-N-((R)-1-phenylethyl)acetamido)pent-4-enoic acid 3a (0.10 g, 0.30 mmol) 
were added together in a dry round bottom flask. The reaction mixture was dried over 
anhydrous THF (3 x 4 mL). CH2Cl2 (2 mL) was added as the solvent. 1-Ethyl-3-(3-
dimethylamino propyl) cabodiimide methiodide (0.18 g, 0.60 mmol) was added in one 
portion. The reaction mixture was stirred at room temperature for 10 minutes before 
adding the dimethyl aminopyridine, DMAP (0.01 g, 0.09 mmol). The reaction mixture 
was allowed to stir at room temperature for 1 day.  
 
 The CH2Cl2 in the reaction mixture was removed before adding water. 1-
Methoxy-2-methyl-trimethylsilyloxypropene 11 (0.12 mL, 0.6mmol) and InCl3 (0.07 
g, 0.12 mmol) were then added. The reaction mixture was allowed to stir at room 
temperature for another 6 hours. Ethyl acetate (5 x 5 mL) was used to extract the 
aqueous layer. The combined organic layer was washed with water (2 x 15 mL) and 
brine (20 mL). Subsequently, the organic layer was dried over anhydrous sodium 
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sulfate and concentrated via vacuo. The crude product was obtained as a mixture of 
two diastereomers with the ratio of 33:67. After purification using flash 
chromatography, the two optically pure isomers were obtained as colorless oil in 28% 
(0.04 g, 0.07 mmol) yield. Due to time constraints, the configuration of the two 
isomers has yet to be confirmed.  
First isomer:  
Rf: 0.58 (n-hexane : ethyl acetate = 2:1) 
FTIR (KBr, neat): 3416, 3067, 3035, 2985, 2949, 1682, 1614, 1518, 1454, 1199, 
1152, 739, 704 cm−1 
HRMS (EI, m/z): M+ calcd for C33H35F3N2O5 − 596.2498, found: M+ − 596.2491 
1H NMR (300 MHz, CDCl3): δ 7.44−7.11 (m, 10H, Ph), 6.79−6.73 (m, 1H, Ph), 
6.38−6.33 (m, 2H, Ph), 6.09 (dd, J = 8.0, 1.41 Hz, 1H, Ph), 5.97−5.84 (m, 1H, 
CH=CH2), 5.44 (q, J = 7.0, 1H, PhCH), 5.22−5.10 (m, 2H, CH=CH2), 4.60 (s, 1H, 
NHCH), 3.82 (t, J = 6.6 Hz, 1H, CHCH2CH=CH2), 3.54 (s, 3H, OCH3), 3.26−3.17 (m, 
1H, CH2CH=CH2), 2.73−2.64 (m, 1H, CH2CH=CH2), 1.68 (d, J = 7.0 Hz, 3H, 
CHCH3), 1.14 (s, 3H, C(CH3)2), 1.11 (s, 3H, C(CH3)2) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.0, 167.3, 156.8 (q, J = 36 Hz), 139.2, 137.3, 
136.3, 134.6, 128.9, 128.7, 128.7, 128.3, 127.9, 127.3, 126.8, 121.5, 118.3, 116.7 (q, J 




Second isomer:  
Rf: 0.58 (n-hexane : ethyl acetate = 2:1) 
FTIR (KBr, neat): 3407, 2987, 2080, 1680, 1616, 1521, 1454, 1199, 1149, 739, 703   
cm−1 
HRMS (EI, m/z): M+ calcd for C33H35F3N2O5 − 596.2498, found: M+ − 596.2495 
1H NMR (300 MHz, CDCl3): δ 7.40−7.11 (m, 10H, Ph), 6.82−6.76 (m, 1H, Ph), 
6.45 (d, 1H, Ph), 6.34 (td, J = 7.7, 1.1 Hz, 1H, Ph), 6.02 (dd, J = 8.0, 1.4 Hz, 1H, Ph), 
5.96−5.82 (m, 1H, CH=CH2), 5.42 (q, J = 7.0, 1H, PhCH), 5.19−5.10 (m, 2H, 
CH=CH2), 4.96 (d, J = 9.1, 1H, NHCH), 4.68 (d, J = 9.1, 1H, NHCH), 3.82 (t, J = 6.6 
Hz, 1H, CHCH2CH=CH2), 3.47 (s, 3H, OCH3), 3.25−3.15 (m, 1H, CH2CH=CH2), 
2.81−2.71 (m, 1H, CH2CH=CH2), 1.66 (d, J = 7.0 Hz, 3H, CHCH3), 1.21 (s, 3H, 
C(CH3)2), 1.11 (s, 3H, C(CH3)2) ppm 
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13C NMR (75.4 MHz, CDCl3): δ 176.9, 167.0, 156.9(q, J = 36 Hz), 139.3, 136.9, 
136.1, 134.6, 128.9, 128.8, 128.6, 128.4, 127.9, 127.8, 127.2, 126.9, 121.5, 118.4, 
116.7 (q, J = 287 Hz), 115.9, 112.2, 62.8, 57.8, 56.1 (q, J = 3 Hz), 51.9, 47.8, 35.1, 


























(E)-2-(Benzylideneamino)phenol 10 (0.13 g, 0.64 mmol) and (R)-2-(2,2,2-
trifluoro-N-((R)-1-phenylethyl)acetamido)pent-4-enoic acid 3a (0.17 g, 0.53 mmol) 
were added together in a dry round bottom flask. The reaction mixture was dried over 
anhydrous THF (3 × 4 mL). CH2Cl2 (2 mL) was added as the solvent. 1-Ethyl-3-(3-
dimethylamino propyl) carbodiimide methiodide (0.32 g, 1.06 mmol) was added in 
one portion. The reaction mixture was stirred at room temperature for 10 minutes 
before adding the dimethyl aminopyridine, DMAP (0.02 g, 0.16 mmol). The reaction 
mixture was allowed to stir at room temperature for 12 hours. Then, the reaction 
mixture was diluted with water (3 mL). Ethyl acetate (5 × 5mL) was used to extract 
the aqueous layer. The combined organic layer was washed with sodium bicarbonate 
(10 mL) water (2 × 15 mL) and brine (20 mL). Subsequently, the organic layer was 
dried over anhydrous sodium sulfate and concentrated via vacuo. The crude product 
was purified using flash chromatography. Pure product was obtained as a yellow solid 
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Rf: 0.45 (n-hexane : ethyl acetate = 2:1) 
FTIR (KBr, neat): 2369, 2336, 1682, 1646, 1550, 1456, 1200, 1146, 749, 696 cm−1 
HRMS (EI, m/z): M+ calcd for C21H21F3N2O3 − 406.1504, found: M+ − 406.1507 
1H NMR (300 MHz, CDCl3): δ 8.69 (br s, 1H, PhNH2), 7.47−7.35 (m, 5H, Ph), 
7.11−6.70 (m, 5H, Ph), 5.85−5.71 (m, 1H, CH=CH2), 5.43 (q, J = 6.8, 1H, PhCH), 
5.39−5.19 (m, 2H, CH=CH2), 3.81 (t, J = 7.2 Hz, 1H, CHCH2CH=CH2), 3.07−2.86 
(m, 2H, CH2CH=CH2), 1.71 (d, J = 6.8 Hz, 3H, CHCH3) ppm 
13C NMR (125.8 MHz, CDCl3): δ 169.2, 158.1 (q, J = 36 Hz), 148.9, 136.4, 133.1, 
129.6, 129.5, 127.6, 127.4, 124.8, 122.7, 120.2, 119.8, 119.6, 116.6 (q, J = 288 Hz), 
61.9, 56.8 (q, J = 3 Hz), 33.6, 17.1 ppm. 
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Empirical formula C21H21F3N2O3  
Formula weight 406.04 
Temperature 223(2)K 
Wavelength 0.71073 Å 
Crystal system Triclinic   
Space group P1 
Unit cell dimensions a = 7.4889(8) Å       α = 92.635(2)° 
 b = 7.4991(8) Å       β = 97.913(2)° 
 c = 18.180(2) Å       γ = 97.824(2)° 
Volume 99.7(2) Å3 
Z 2 
Density (calculated) 1.350 g/cm3 
Absorption coefficient 0.109 mm−1 
F(000) 424 
Crystal size 0.3 × 0.14 × 0.09 mm3 
Theta range for data collection 2.27 to 30.04º 
Index ranges 
−10 ≤ h ≤ 10, −10 ≤ k ≤ 10, −24 ≤ l ≤ 24 
Reflections collected 11690 
Independent reflections 10068 [R(int) = 0.0492] 
Completeness to theta = 30.04° 95.9 % 
Absorption correction Sadabs (Sheldrick, 1996) 
Max. and min. transmission 0.9876 and 0.6483 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10068 / 0 / 520 
Goodness-of-fit on F2 0.977 
Final R indices [I>2sigma(I)] R1 = 0.0679, wR2 = 0.0969 
R indices (all data) R1 = 0.1549, wR2 = 0.1168 
Absolute structure parameter 0.8(8) 









 Procedures & Data – Part I 
 
 
Experimental Section                                                                                                  158 
Chapter 3 Mukaiyama Aldol Reaction in Ionic Liquids 
3.2.1 Mukaiyama Aldol Reaction Using Ketene Silyl Acetals with Carbonyl 













n n = 3 to 7
X = Cl, BF4, PF6
 
 
General reaction procedure: 
 A mixture of benzaldehyde (1.0 mmol) and 1-methoxy-2-methyl-1-
trimethylsilyloxypropene (1.1 mmol) in the ionic liquid (0.5 mL) was stirred at room 
temperature for 6 h. Another 1.1 mmol of 1-methoxy-2-methyl-1-
trimethylsilyloxypropene was added subsequently and the reaction mixture was 
allowed to stir at room temperature for 12 h. After that, 2 mL of 1 M HCl was added. 
The product was then extracted with diethyl ether (5 x 10 mL). The combined organic 
phases was washed with brine (20 mL) and dried over anhydrous Na2SO4. The 
solution was then concentrated in vacuo followed by purification using flash silica gel 
chromatography.  
 
 Procedures & Data – Part I 
 
 











Rf: 0.28 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C14H20O3 − 236.1412; found: [M]+ − 236.1412 
FTIR (NaCl, neat): 3497, 2952, 1722, 1455, 1135, 734, 701 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.31−7.16 (m, 5H, Ar), 3.68 (s, 3H, OCH3), 
3.65−3.59 (m, 1H, CHOH), 2.70−2.55 (m, 2H, PhCH2), 1.82−1.72 (m, 2H, 
PHCH2CH2), 1.18 (s, 3H, C(CH3)(CH3)COOCH3), 1.16 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.2 (C), 142.1 (C), 128.5 (2C, CH), 128.4 (2C, 
CH), 125.8 (CH), 76.1 (CH), 51.9 (CH3), 47.1 (C), 33.6 (CH2), 32.9 (CH2), 22.5 














Rf: 0.45 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C14H28O3 − 244.2038; found: [M-18]+ − 227.2006 
FTIR (NaCl, neat): 3485, 2926, 2856, 1726, 1468, 1141 cm−1 
1H NMR (300 MHz, CDCl3): δ 3.70 (s, 3H, OCH3), 3.62−3.57 (m, 1H, CHOH), 2.35 
(d, J = 6.96 Hz, 1H, CHOH), 1.27 (br, 14H, CH3C7H14), 1.18 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.17 (s, 3H, C(CH3)(CH3)COOCH3), 0.88 (t, J = 6.61 Hz, 
3H, CH3C7H14) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.3 (C), 76.6 (CH), 51.9 (CH3), 47.2 (C), 31.9 
(CH2), 31.7 (CH2), 29.6 (2C, CH2), 29.3 (CH2), 26.7 (CH2), 22.7 (CH2), 22.3 (CH3), 
20.4 (CH3), 14.1 (CH3) ppm 
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Rf: 0.35 (n-hexane : ethyl acetate = 1:1) 
HRMS (EI, m/z): M+ calcd for C11H15NO3 − 209.1052; found: [M+1]+ − 210.1132 
FTIR (NaCl, neat): 3466, 2983, 2950, 1730, 1470, 1438, 1268, 1063, 995, 774 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.50−8.48 (m, 1H, Ar), 7.64−7.58 (m, 1H, Ar), 
7.19−7.14 (m, 2H, Ar), 4.91 (s, 1H, CHOH), 3.67 (s, 3H, OCH3), 1.12 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.04 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.1 (C), 158.3 (C), 148.0 (CH), 136.1 (CH), 
















Rf: 0.60 (n-hexane : ethyl acetate = 1:1) 
HRMS (ESI, m/z): M+ calcd for C14H23NO3Si − 281.1447; found: [M+1]+ − 
282.1523 
FTIR (NaCl, neat): 2953, 1738, 1252, 1134, 1107, 1079, 881, 840 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.49−8.47 (m, 1H, Ar), 7.69−7.63 (m, 1H, Ar), 
7.45−7.42 (m, 1H, Ar), 7.17−7.13 (m, 1H, Ar), 5.10 (s, 1H, CHOSiMe3), 3.69 (s, 3H, 
OCH3), 1.16 (s, 3H, C(CH3)(CH3)COOCH3), 1.02 (s, 3H, C(CH3)(CH3)COOCH3), 
0.00 (s, 9H, OSiMe3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 176.7 (C), 161.1 (C), 147.8 (CH), 135.5 (CH), 
122.1 (2C, CH), 79.7 (CH), 51.5 (CH3), 48.5 (C), 20.8 (CH3), 20.0 (CH3), -0.3 (3C, 
CH3) ppm 
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Rf: 0.33 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C11H16O4 − 212.1049; found: [M]+ − 212.1053 
FTIR (NaCl, neat): 3488, 2952, 1726, 1134, 1019, 914, 734 cm−1 
1H NMR (300 MHz, CDCl3): δ 6.10 (d, J = 3.13 Hz, 1H, C=CH), 5.89 (d, J = 3.13 
Hz, 1H, C=CH), 4.84 (d, J = 6.97 Hz, 1H, CHOH), 3.73 (s, 3H, OCH3), 3.19 (d, J = 
6.97 Hz, 1H, CHOH), 2.25 (s, 3H, CH3C=CH),  1.22 (s, 3H, C(CH3)(CH3)COOCH3), 
1.21 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.7 (C), 151.8 (C), 151.4 (C), 108.6 (CH), 105.9 












Rf: 0.65 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C14H24O4Si − 284.1444; found: [M+23]+ − 307.1345 
FTIR (NaCl, neat): 2954, 1742, 1252, 1085, 1021, 880,845 cm−1 
1H NMR (300 MHz, CDCl3): δ 6.04 (d, J = 2.09 Hz, 1H, C=CH), 5.86 (d, J = 2.09 
Hz, 1H, C=CH), 4.91 (s, 1H, CHOSiMe3), 3.66 (s, 3H, OCH3), 2.24 (s, 3H, 
CH3C=CH),  1.22 (s, 3H, C(CH3)(CH3)COOCH3), 1.03 (s, 3H, 
C(CH3)(CH3)COOCH3), 0.01 (s, 9H, OSiMe3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.0 (C), 152.4 (C), 151.1 (C), 108.7 (CH), 105.8 
(CH), 73.6 (CH), 51.7 (CH3), 48.5 (C), 21.2 (CH3), 19.7 (CH3), 13.5 (CH3), -0.3 (3C, 
CH3) ppm 
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Rf: 0.08 (n-hexane : ethyl acetate = 1:1) 
HRMS (EI, m/z): M+ calcd for C11H15NO3 − 209.1052; found: [M+1]+ − 210.1132 
FTIR (KBr, pellet): 3142, 1728, 1430, 1261, 1135, 823, 784, 713 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.35−8.33 (m, 2H, Ar), 7.67−7.63 (m, 1H, Ar), 
7.22−7.17 (m, 1H, Ar), 4.90 (s, 1H, CHOH), 3.65 (s, 3H, OCH3), 1.10 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.02 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.5 (C), 148.7 (CH), 148.4 (CH), 136.2 (C), 
















Rf: 0.50 (n-hexane : ethyl acetate = 1:1) 
HRMS (ESI, m/z): M+ calcd for C14H23NO3Si − 281.1447; found: [M+1]+ − 
282.1537 
FTIR (NaCl, neat): 2954, 1740, 1253, 1134, 1084, 880, 843 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.51−8.50 (m, 2H, Ar), 7.65−7.62 (m, 1H, Ar), 
7.24−7.22 (m, 1H, Ar), 5.00 (s, 1H, CHOSiMe3), 3.68 (s, 3H, OCH3), 1.14 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.00 (s, 3H, C(CH3)(CH3)COOCH3), -0.03 (s, 9H, OSiMe3) 
ppm 
13C NMR (75.4 MHz, CDCl3): δ 176.4 (C), 148.7 (CH), 148.6 (CH), 136.3 (C), 
135.2 (CH), 122.5 (CH), 76.8 (CH), 51.5 (CH), 48.7 (C), 21.0 (CH3), 19.2 (CH3), -
0.03 (3C, CH3) ppm 
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Rf: 0.18 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C12H15NO5 − 253.0950; found: [M+23]+ − 276.0846 
FTIR (NaCl, neat): 3489, 2984, 1725, 1531, 1355, 740 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.81−7.27 (m, 4H, Ar), 5.86 (s, 1H, CHOH), 3.72(s, 
3H, OCH3), 1.13 (s, 3H, C(CH3)(CH3)COOCH3), 1.09 (s, 3H, C(CH3)(CH3)COOCH3) 
ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.6 (C), 149.4 (C), 134.4 (C), 132.2 (CH), 129.8 















Rf: 0.60 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C15H23NO5Si − 325.1346; found: [M+23]+ − 
348.1245 
FTIR (NaCl, neat): 3452, 1738, 1638, 1532, 1100, 880, 847 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.77−7.37 (m, 4H, Ar), 5.92 (s, 1H, CHOSiMe3), 
3.65 (s, 3H, OCH3), 1.09 (s, 3H, C(CH3)(CH3)COOCH3), 0.95 (s, 3H, 
C(CH3)(CH3)COOCH3), 0.01 (s, 9H, OSiMe3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 176.1 (C), 149.2 (C), 135.2 (C), 131.6 (CH), 130.7 
(CH), 128.3 (CH), 123.7 (CH), 71.8 (CH), 51.9 (CH3), 49.4 (C), 21.1 (CH3), 19.4 
(CH3), -0.2 (3C, CH3) ppm  
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Rf: 0.15 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H15O4 − 238.1205; found: [M]+ − 238.1204 
FTIR (NaCl, neat): 3448, 2977, 2952, 1703, 1515, 1254, 839, 797 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.22 (d, J = 8.71 Hz, 2H, Ar), 6.86 (d, J = 8.71 Hz, 
2H, Ar), 4.85 (s, 1H, CHOH), 3.80 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 1.14 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.10 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.2 (C), 159.1 (C), 132.1 (C), 128.7 (2C, CH), 
















Rf: 0.20 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C15H22O4 − 266.1518; found: [M]+ − 266.1524 
FTIR (NaCl, neat): 3486, 2952, 2862, 1728, 1454, 1094, 740, 699 cm−1l 
1H NMR (300 MHz, CDCl3): δ 7.35−7.31 (m, 5H, Ar), 4.53 (s, 2H, PhCH2), 
3.94−3.92 (m, 1H, CHOH), 3.78−3.64 (m, 2H, PhCH2OCH2), 3.70 (s, 3H, OCH3), 
1.73−1.66 (m, 2H, CH2CHOH), 1.20 (s, 3H, C(CH3)(CH3)COOCH3), 1.18 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.7 (C), 137.9 (C), 128.3 (2C, CH), 127.6 (3C, 
CH), 75.3 (CH2), 73.2 (CH), 69.1 (CH2), 51.8 (CH3), 47.0 (C), 31.4 (CH2), 21.5 
(CH3), 20.3 (CH3) ppm 
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Rf: 0.13 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C12H16O4 − 224.1049; found: [M]+ − 224.1056 
FTIR (NaCl, neat): 3499, 3330, 1712, 1596, 1458, 887, 761 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.44 (s, 1H, Ar), 7.21−6.77 (m, 3H, Ar), 5.13 (s, 1H, 
CHOH), 3.75 (s, 3H, OCH3), 1.26 (s, 3H, C(CH3)(CH3)COOCH3), 1.12 (s, 3H, 
C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.6 (C), 156.4 (C), 129.4 (CH), 129.1 (CH), 














Rf: 0.28 (n-hexane : ethyl acetate = 6:1) 
HRMS (EI, m/z): M+ calcd for C12H16O3 − 208.1099; found: [M]+ − 208.1103 
FTIR (KBr, pellet): 1722, 1257, 705 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.32−7.28 (m, 5H, Ar), 4.90 (d, J = 3.81 Hz, 1H, 
CHOH), 3.72 (s, 3H, OCH3), 3.05 (d, J = 3.81 Hz, CHOH), 1.15 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.12 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.0 (C), 148.0 (C), 127.6 (2C, CH), 127.6 (C), 
127.5 (2C, CH), 78.5 (CH3), 51.9 (CH), 47.7 (C), 22.8 (CH3), 19.0 (CH3) ppm 
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Rf: 0.30 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C12H15ClO3 − 242.0710; found: [M]+ − 242.0713 
FTIR (KBr, pellet): 3441, 2982, 2950, 1701, 1158, 834, 790 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.32−7.23 (m, 4H, Ar), 4.88 (d, J = 3.90 Hz, 1H, 
CHOH), 3.73 (s, 3H, OCH3), 3.14 (d, J = 3.90 Hz, CHOH), 1.13 (s, 3H, 
C(CH3)(CH3)COOCH3), 1.10 (s, 3H, C(CH3)(CH3)COOCH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 178.0 (C), 138.5 (C), 133.4 (C), 128.9 (2C, CH), 















Rf: 0.35 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H26O3− 230.1882; found: [M+1]+ − 231.1960 
FTIR (NaCl, neat): 3443, 2927, 2856, 1719, 1643 cm−1 
1H NMR (300 MHz, CDCl3): δ 4.17 (q, J = 6.96 Hz, 2H, OCH2CH3), 3.99 (br, 1H, 
CHOH), 2.54−2.35 (m, CH2COOCH2CH3), 1.29−1.25 (br, 12H, CH3(CH2)6CH2), 
1.27 (t, J = 6.96 Hz, 3H, OCH2CH3), 0.88 (t, J = 6.96 Hz, 3H CH3(CH2)6CH2) ppm 
13C NMR (75.4 MHz, CDCl3): δ 173.1 (C), 68.1 (CH), 60.1 (CH2), 41.4 (CH2), 36.6 
(CH2), 31.9 (CH2), 29.5 (2C, CH2), 29.3 (CH2), 25.5 (CH2), 22.7 (CH2), 14.2 (CH3), 
14.1 (CH3) ppm 
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Rf: 0.15 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C14H20O4− 252.1362; found: [M+1]+ − 253.1452; 
[M+23]+ − 275.1259  
FTIR (NaCl, neat): 3438, 1726, 1633, 1097, 1026, 738, 700 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.35−7.31 (m, 5H, Ar), 4.52 (s, 2H, PHCH2O), 
4.29−4.23 (m, 1H, CHOH), 4.17 (q, J = 7.29 Hz, 2H, OCH2CH3), 3.74−3.61 (m, 2H, 
PHCH2OCH2), 1.85−1.78 (m, 2H, CH2COOCH2CH3), 1.27 (t, J = 7.29 Hz, 3H, 
OCH2CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 172.4 (C), 138.0 (C), 128.4 (2C, CH), 127.7 (CH), 
127.6 (2C, CH), 73.2 (CH2), 67.9 (CH2), 66.9 (CH), 60.5 (CH2), 41.6 (CH2), 36.0 
















Rf: 0.13 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C12H16O4 − 224.1049; found: [M]+ − 224.1051 
FTIR (NaCl, neat): 3469, 1728, 1613, 1515, 1034, 834 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.32−7.29 (m, 4H, Ar), 5.09−5.11 (m, 1H, CHOH), 
4.19 (q, J = 7.32 Hz, 2H, CH3CH2O), 3.81 (s, 3H, OCH3), 2.76−2.70 (m, 2H, 
CH2CHOH), 1.27 (t, J = 7.32 Hz, CH3CH2O) ppm 
13C NMR (75.4 MHz, CDCl3): δ 172.4 (C), 159.2 (C), 134.8 (C), 127.0 (2C, CH), 
113.9 (2C, CH), 70.0 (CH), 60.8 (CH2), 55.3 (CH3), 43.4 (CH2), 14.1 (CH3) ppm 
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Rf: 0.10 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C11H14O4 − 210.0892; found: [M]+ − 210.0887 
FTIR (NaCl, neat): 3576, 1733, 1597, 1458, 1024, 760 cm−1 
1H NMR (300 MHz, CDCl3): δ 8.14 (s, 1H, Ar), 7.21−6.81 (m, 3H, Ar), 5.30−5.27 
(m, 1H, CHOH), 4.21 (q, J = 6.97 Hz, 2H, CH3CH2O), 3.01 −2.91 (m, 1H, 
CH2CHOH), 2.76 −2.69 (m, 1H, CH2CHOH), 1.29 (t, J = 6.97 Hz, CH3CH2O) ppm 
13C NMR (75.4 MHz, CDCl3): δ 172.9 (C), 155.5 (C), 129.2 (CH), 126.7 (CH), 

















Rf: 0.15 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C11H13ClO3 − 228.0553; found: [M]+ − 228.0548 
FTIR (NaCl, neat): 3435, 1729, 1491, 1013, 831 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.32 (m, 4H, Ar), 5.12−5.09 (m, 1H, CHOH), 4.19 
(q, J = 7.31 Hz, 2H, CH3CH2O), 2.71−2.69 (m, 2H, CH2CHOH), 1.27 (t, J = 7.31 Hz, 
CH3CH2O) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.7 (C), 151.8 (C), 151.4 (C), 108.6 (CH), 105.9 
(CH), 73.4 (CH), 52.0 (CH3), 47.0 (C), 22.8 (CH3), 20.2 (CH3), 13.4 (CH3) ppm 
 
 Procedures & Data – Part I 
 
 











Rf: 0.45 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H18O3 − 222.1256; found: [M]+ − 222.1250 
1H NMR (300 MHz, CDCl3): δ 7.06 (m, 4H, Ar), 4.86 (d, J = 4.41 Hz, 1H, CHOH), 
3.72 (s, 3H, OCH3), 2.96 (d, J = 4.41 Hz, 1H, CHOH), 2.34 (s, 3H, CH3Ar), 1.14 (s, 
3H, C(CH3)(CH3)), 1.10 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.9 (C), 137.0 (C), 136.9 (C), 128.1 (2C, CH), 














Rf: 0.30 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C14H18O3 − 234.1256; found: [M+23]+ − 257.1153 
1H NMR (300 MHz, CDCl3): δ 7.39−7.21 (m, 5H, Ar), 6.63 (d, J = 16.05 Hz, 1H 
ArCH=CH), 6.21 (dd, J = 16.05, 7.23 Hz, 1H, ArCH=CH), 4.38−4.34 (m, 1H, 
CHOH), 3.72 (s, 3H, OCH3), 2.82 (d, J = 5.61 Hz, 1H, CHOH), 1.24 (s, 3H, 
C(CH3)(CH3)), 1.23 (s, 3H, C(CH3)(CH3))  ppm 
13C NMR (75.4 MHz, CDCl3): δ 177.8 (C), 136.6 (C), 132.9 (CH), 128.6 (2C, CH), 
127.8 (CH), 127.4 (CH), 126.6 (2C, CH), 77.8 (CH), 52.0 (CH3), 47.2 (C), 22.7 
(CH3), 20.0 (CH3) ppm  
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 To a solution of 1-methyl-1H-imidazole (10 mmol) in dry THF (15 mL) was 
added 1,6-dibromo-hexane (5 mmol) at room temperature with stirring. The reaction 
mixture was warmed to reflux for overnight. 
 THF was removed in vacuo. The white solid formed was washed with diethyl 
ether (2 x 30 mL). 
 
 
1H NMR (300 MHz, D2O): δ 8.72 (s, 2H), 7.46 (m, 4H), 4.20 (t, J = 7.23 Hz, 4H), 
3.90 (s, 6H), 1.88 (t, J = 7.04 Hz, 4H), 1.35 (m, 4H) ppm 
13C NMR (75.4 MHz, D2O): δ 136.2 (2C, CH), 124.2 (2C, CH), 122.9 (2C, CH), 
50.1 (2C, CH2), 36.5 (2C, CH3), 29.7 (2C, CH2), 25.5 (2C, CH2) ppm 
 Procedures & Data – Part II 
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 To a solution of Ni(acac)2 (0.1284 g, 0.5 mmol) in dry THF (15 mL) was 
added aldehyde (5.0 mmol) and 4-methylpenta-1,3-diene (0.69 mL, 6 mmol) followed 
by Et2Zn (12 mL, 1.0 M solution in hexane, 12.0 mmol) or Et3B (12 mL, 1.0 M 
solution in THF, 12.0 mmol) under N2 at room temperature with stirring. The reaction 
mixture was stirred at room temperature for 2 h under N2. 
 
 The reaction was quenched by adding 1 M HCl. Extraction of the reaction 
mixture with ethyl acetate (5 x 10 mL) was then carried out. The combined organic 
extract was washed with saturated sodium bicarbonate solution (20 mL), water (20 
mL) and saturated sodium chloride solution (20 mL), dried over anhydrous sodium 
sulfate, filtered and concentrated under reduced pressure. Purification by silica gel 
flash column chromatography afforded the desired product. 1H NMR was used to 
determine the purity and selectivity. 
 Procedures & Data – Part II 
 
 












Rf: 0.53 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C17H20O − 240.1514; found: [M]+ − 240.1511 
FTIR (NaCl, neat): 3437, 1642, 858, 743 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.85−7.46 (m, 7H, C10H7), 5.18 (tt, J = 6.96, 1.41 Hz, 
1H, CH=C), 4.85 (t, J = 6.63 Hz, 1H, CHOH), 2.11−2.07 (m, 2H, CH2CH=C), 
1.99−1.81 (m, 2H, CH2CHOH), 1.71 (s, 3H, C(CH3)(CH3)), 1.60 (s, 3H, 
C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 142.2 (C), 133.3 (C), 133.0 (C), 132.4 (C), 128.2 
(CH), 127.9 (CH), 127.7 (CH), 126.1 (CH), 125.7 (CH), 124.6 (CH), 124.1 (CH), 













Rf: 0.63 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C17H20O − 240.1514; found: [M]+ − 240.1511 
FTIR (NaCl, neat): 3434, 2967, 1638, 1366, 1041, 823, 740 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.85−7.76 (m, 4H, C10H7), 7.49−7.46 (m, 3H, C10H7), 
6.01−5.87 (m, 1H, CH=CH2), 5.11−5.05 (m, 2H, CH=CH2), 4.64 (s, 1H, CHOH), 
2.26 (dd, J = 13.41, 7.32 Hz, 1H, CH2CH=CH2), 2.07 (dd, J = 13.59, 7.32 Hz, 1H, 
CH2CH=CH2), 0.96 (s, 3H, C(CH3)(CH3)), 0.89 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 139.5 (C), 135.5 (CH), 132.9 (C), 132.8 (C), 128.0, 
127.6 (CH), 127.0 (CH), 126.6 (CH), 126.1 (CH), 126.0 (CH), 125.8 (CH), 117.4 
(CH2), 81.1 (CH), 43.6 (CH2), 38.8 (C), 23.5 (CH3), 22.4 (CH3) ppm 
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Rf: 0.35 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C14H20O2 − 220.1463; found: [M]+ − 220.1457; [M-
18]+ − 202.1356 
FTIR (NaCl, neat): 3432, 2926, 1613, 1513, 1246, 1037, 832,729 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.27  (d, J = 8.73 Hz, 2H, Ar), 6.88 (d, J = 8.73 Hz, 
2H, Ar), 5.14 (tt, J = 7.32, 1.38 Hz, 1H, CH=C), 4.63 (t, J = 6.69 Hz, 1H, CHOH), 
3.81 (s, 3H, OCH3), 2.11−1.97 (m, 2H, CH2CH=C), 1.93−1.72 (m, 2H), 1.69 (s, 3H, 
C(CH3)(CH3)), 1.68 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 159.0 (C), 136.9 (C), 132.1 (C), 127.2 (2C, CH), 
123.9 (CH), 113.8 (2C, CH), 73.8 (CH), 55.2 (CH), 38.9 (CH2), 25.7 (CH3), 24.5 














Rf: 0.50 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C14H20O2 − 220.1463; found: [M]+ − 220.1460 
FTIR (NaCl, neat): 3436, 2963, 613, 1512, 1248, 1036, 833, 740 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.23  (d, J = 7.20 Hz, 2H, Ar), 6.85 (d, J = 7.20 Hz, 
2H, Ar), 5.97−5.83 (m, 1H, CH=CH2), 5.09−5.03 (m, 2H, CH=CH2), 4.42 (br, 1H, 
CHOH), 3.81 (s, 3H, OCH3), 2.17 (dd, J = 13.59, 7.65 Hz, 1H, CHHCH=CH2), 2.01 
(dd, J = 13.59, 7.32 Hz, 1H, CHHCH=CH2), 0.89 (s, 3H, C(CH3)(CH3)), 0.82 (s, 3H, 
C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 158.8 (C), 135.6 (CH), 134.0 (C), 128.8 (2C, CH), 
117.2 (CH2), 113.0 (2C, CH), 80.6 (CH), 55.2 (CH3), 43.5 (CH2), 38.5 (C), 23.3 
(CH3), 22.3 (CH3) ppm 
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Rf: 0.45 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H17ClO − 224.0968; found: [M]+ − 224.0960 
FTIR (NaCl, neat): 3393, 2963, 2924, 1491, 1091, 1012, 830 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.33−7.27 (m, 4H, Ar), 5.13 (tt, J = 6.96, 1.38 Hz, 
1H, CH=C), 4.67 (t, J = 6.27 Hz, 1H, CHOH), 2.09−2.01 (m, 2H, CH2CH=C), 
1.84−1.72 (m, 2H, CH2CH2CH=C), 1.57 (s, 6H, C(CH3)(CH3)) 
13C NMR (75.4 MHz, CDCl3): δ 143.2 (C), 133.1 (C), 128.5 (2C, CH), 127.3 (2C, 















Rf: 0.58 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H17ClO − 224.0968; found: [M]+ − 224.0936 
FTIR (NaCl, neat): 3456, 2968, 1639, 1489, 1092, 1012, 916, 835, 770, 741 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.31−7.23 (m, 4H, Ar), 5.96−5.83 (m, 1H, CH=CH2), 
5.10−5.04 (m, 2H, CH=CH2), 4.45 (d, J = 2.10 Hz, 1H, CHOH), 2.18 (dd, J = 13.56, 
7.32 Hz, 1H, CH2CH=CH2), 2.00 (dd, J = 13.56, 7.32 Hz, 1H, CH2CH=CH2), 1.90 (d, 
J  = 2.76, 1H, CHOH), 0.88 (s, 3H, C(CH3)(CH3)), 0.81 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 140.3 (C), 135.2 (CH), 133.0 (C), 129.1 (2C, CH), 
127.7 (2C, CH), 117.6 (CH2), 80.2 (CH), 43.5 (CH2), 38.5 (C), 23.4 (CH3), 22.1 
(CH3) ppm 
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Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H18O − 190.1358; found: [M]+ − 190.1354 
FTIR (NaCl, neat): 3360, 2922, 2854,1451, 1061, 760, 701 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.36−7.27 (5H, m, Ar), 5.15 (tt, J = 6.97, 1.39 Hz, 
1H, CH=C), 4.71−4.67 (m, 1H, CHOH), 2.12−2.03 (m, 2H, CH2CH=C), 1.91−1.72 
(m, 2H, CHCH2), 1.70 (s, 3H, C(CH3)(CH3)), 1.59 (s, 3H, C(CH3)(CH3) ppm  
13C NMR (75.4 MHz, CDCl3): δ 144.7 (C), 132.2 (C), 128.3 (2C, CH), 127.4 (CH), 














Rf: 0.63 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H18O − 190.1358; found: [M]+ − 190.1355 
FTIR (NaCl, neat): 3436, 1638, 1453, 1026, 913, 742, 702 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.31−7.26 (m, 5H, Ar), 5.95−5.84 (m, 1H, CH=CH2), 
5.10−5.06 (m, 2H, CH=CH2), 4.47 (s, 1H, CHOH), 2.20 (dd, J = 13.58, 7.32 Hz, 1H, 
CH2CH=CH2), 2.02 (dd, J = 13.58, 7.32 Hz, 1H, CH2CH=CH2), 0.90 (s, 3H, 
C(CH3)(CH3)), 0.84 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 141.9 (C), 135.5 (CH), 127.8 (2C, CH), 127.6 (2C, 
CH), 127.3 (CH), 117.4 (CH2), 81.0 (CH), 43.5 (CH2), 38.5 (C), 23.4 (CH3), 22.3 
(CH3) ppm  
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Rf: 0.30 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C18H28O2 − 276.2089; found: [M-H2O]+ − 258.1974 
FTIR (NaCl, neat): 3420, 2930, 2859, 1637, 1454, 1102, 735, 698 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.34−7.33 (m, 2H, PhCH2), 5.13 (tt, J = 6.96, 1.41 
Hz, 1H, CH=C), 4.50 (s, 2H, PhCH2O), 3.64−3.57(m, 1H, CHOH), 3.48 (t, J = 6.27 
Hz, 2H, OCH2CH2), 2.13−2.04 (m, 2H, CH2CH=C), 1.69 (s, 3H, C(CH3)(CH3)), 1.62 
(s, 3H, C(CH3)(CH3)) 1.52−1.43 (m, 8H) ppm 
13C NMR (75.4 MHz, CDCl3): δ 138.5 (C), 132.0 (C), 128.3 (2C, CH), 127.6 (2C, 
CH), 127.5 (CH), 124.1 (CH), 72.9 (CH2), 71.6 (CH), 70.3 (CH2), 37.3 (CH2), 37.2 














Rf: 0.40(n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C18H28O2 − 276.2089; found: [M-H2O]+ − 258.1975 
FTIR (NaCl, neat): 3513, 2940, 2863, 1639, 1455. 1100, 737 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.35−7.34 (m, 5H, Ar), 5.93−5.79 (m, 1H, CH=CH2), 
5.07−5.02 (m, 2H, CH=CH2), 4.51 (s, 2H, PhCH2O), 3.50−3.48 (m, 2H, 
PhCH2OCH2), 3.28−3.24 (m, 1H CHOH), 2.12 (dd, J = 13.59, 7.65 Hz, 1H, 
CHHCH=CH2), 1.98 (dd, J = 13.59, 7.32 Hz, CHHCH=CH2), 1.71−1.63 (m, 4H), 
1.53−1.29 (m, 2H), 0.87 (s, 3H, C(CH3)(CH3)), 0.86 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 138.5 (C), 135.5 (CH), 128.3 (2C, CH), 127.6 (2C, 
CH), 127.4, 117.0 (CH2), 78.3 (CH), 72.9 (CH2), 70.4 (CH2), 43.7 (CH2), 37.8 (C), 
30.9 (CH2), 29.7 (CH2), 23.7 (CH2), 23.2 (CH3), 22.6 (CH3) ppm 
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Rf: 0.40 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C16H24O2 − 248.1776; found: [M]+ − 248.1766 
FTIR (NaCl, neat): 3415, 2926, 2865, 1717, 1452, 1096, 1075, 739, 699 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.35−7.26 (m, 5H, Ph), 5.13 (tt, J = 6.97, 1.39 Hz, 
1H, CH=C), 4.53 (s, 2H, PhCH2O), 3.85−3.78 (m, 1H, CHOH), 3.73−3.62 (m, 2H, 
BnOCH2), 2.14−2.05 (m, 2H, CH2CH=C), 1.78−1.74 (m, 2H), 1.70 (s, 3H, 
C(CH3)(CH3)), 1.62 (s, 3H, C(CH3)(CH3), 1.57−1.44 (m, 2H) ppm 
13C NMR (75.4 MHz, CDCl3): δ 137.9 (C), 131.6 (C), 128.3 (2C, CH), 127.6 (CH), 
127.5 (2C, CH), 124.1 (CH), 73.1 (CH2), 70.6 (CH), 68.9 (CH2), 37.3 (CH2), 36.3 














Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C16H24O2 − 248.1776; found: [M]+ − 248.1764 
FTIR (NaCl, neat): 3350, 2962, 2868, 1639, 1090, 738, 698 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.34−7.24 (m, 5H, Ar), 5.94−5.80 (m, 1H, CH=CH2), 
5.06−5.01 (m, 2H, CH=CH2), 4.52 (s, 2H, PhCH2), 3.79−3.73 (m, 1H, PhCH2OCHH), 
3.69−3.62 (m, 1H, PhCH2OCHH), 3.52−3.49 (m, 1H, CHOH), 2.15 (dd, J = 13.58, 
7.32 Hz, 1H, CHHCH=CH2), 1.98 (dd, J = 13.58, 7.68 Hz, 1H, CHHCH=CH2), 
1.76−1.68 (m, 2H, CH2CHOH), 0.89 (s, 3H, C(CH3)(CH3)), 0.86 (s, 3H, 
C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 135.6 (C), 135.6 (CH), 128.5 (2C, CH), 127.7 (3C, 
CH), 117.0 (CH2), 77.9 (CH), 73.4 (CH2), 70.2 (CH2), 43.4 (CH2), 37.6 (C), 23.1 
(CH3), 22.5 (CH3) ppm 
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Rf: 0.30 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C17H26O2 − 262.1933; found: [M]+ − 262.1926 
FTIR (NaCl, neat): 3453, 2922, 2857, 1642, 1451, 1100, 736, 698 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.35−7.33 (m, 5H, Ar), 5.13 (tt, J = 6.96, 1.39 Hz, 
1H, CH=C), 4.52 (s, 2H, PhCH2O), 3.64−3.56 (m, 1H, CHOH), 3.51 (t, J = 6.31 Hz, 
2H, BnOCH2), 2.16−2.04 (m, 2H, CH2CH=C), 1.77−1.71 (m, 4H), 1.69 (s, 3H, 
C(CH3)(CH3)), 1.62 (s, 3H, C(CH3)(CH3), 1.53−1.43 (m, 2H) ppm 
13C NMR (75.4 MHz, CDCl3): δ 138.2 (C), 131.8 (C), 128.4 (2C, CH), 127.7 (2C, 
CH), 127.6 (CH), 72.9 (CH2), 71.2 (CH), 70.5 (CH2), 37.4 (CH2), 34.6 (CH2), 26.1 












Rf: 0.38 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C17H26O2 − 262.1933; found: [M-18]+ − 244.1820 
FTIR (NaCl, neat): 3470, 2960, 2855, 1639, 1452, 1101, 737, 698 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.35−7.32 (m, 5H, Ar), 5.93−5.79 (m, 1H, CH=CH2), 
5.07−5.01 (m, 2H, CH=CH2), 4.52 (s, 2H, PhCH2O), 3.52 (t, J = 5.94 Hz, 2H, 
PhCH2OCH2), 3.28 (dd, J = 10.38, 1.74 Hz, 1H, CHOH), 2.13 (dd, J = 13.59, 7.68 Hz, 
1H, CH2CH=CH2), 1.98 (dd, J = 13.59, 7.68 Hz, 1H, CH2CH=CH2), 1.88−1.66 (m, 
4H), 0.88 (s, 3H, C(CH3)(CH3)), 0.86 (s, 3H, C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 138.3 (C), 135.7 (CH), 128.4 (2C, CH), 127.7 (2C, 
CH), 127.6 (CH), 117.0 (CH2), 78.1 (CH), 73.0 (CH2), 70.5 (CH2), 43.7 (CH2), 37.8 
(C), 28.4 (CH2), 27.3 (CH2), 23.2 (CH3), 22.6 (CH3) ppm  
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Rf: 0.43 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C15H22O − 218.1671; found: [M]+ − 218.1670; [M-
H2O]+ − 200.1565 
FTIR (NaCl, neat): 3361, 2926, 2858, 1452, 1080, 747, 699 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.31−7.16 (m, 5H, Ar), 5.13 (tt, J = 7.32, 1.38 Hz, 
1H, CH=C), 3.65−3.64 (m, 1H, CHOH), 2.85−2.62 (m, 2H, PhCH2), 2.14−2.00 (m, 
2H, CH2CH=C), 1.81−1.72 (m, 2H), 1.62 (s, 3H, C(CH3)(CH3)), 1.60 (s, 3H, 
C(CH3)(CH3)), 1.56−1.48 (m, 2H) ppm 
13C NMR (75.4 MHz, CDCl3): δ 142.2 (C), 132.0 (C), 128.4 (2C, CH), 128.3 (2C, 
CH), 125.7 (CH), 124.0 (CH), 71.1 (CH), 39.1 (CH2), 37.4 (CH2), 32.0 (CH2), 25.7 













Rf: 0.48 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C15H22O − 218.1671; found: [M]+ − 218.1670 
FTIR (NaCl, neat): 3468, 2961, 2931, 1496, 1453, 740, 700 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.31−7.16 (m, 5H, Ar), 5.88−5.77 (m, 1H, CH=CH2), 
5.06−5.00 (m, 2H, CH=CH2), 3.31 (dd, J = 10.44, 1.74 Hz, 1H, CHOH), 3.00 −2.80 
(m, 1H, PhCHH), 2.71−2.56 (m, 1H, PhCHH), 2.12 (dd, J = 13.59, 7.65 Hz, 1H, 
CH2CH=CH2), 1.98 (dd, J = 13.59, 7.65 Hz, 1H, CH2CH=CH2), 1.90−1.51 (m, 2H), 
0.88 (s, 3H, C(CH3)(CH3)), 0.86 (s, 3H, C(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 142.4 (C), 135.5 (CH), 128.5 (2C, CH), 128.4 (2C, 
CH), 125.8, 117.2 (CH2), 78.1 (CH), 43.8 (CH2), 37.9 (CH2), 33.4 (CH2), 33.3 
(CH2), 23.2 (CH3), 22.7 (CH3) ppm  
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Rf: 0.53 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C15H30O − 226.2297; found: [M]+ − 226.2296 
FTIR (NaCl, neat): 3351, 2926, 2856, 1463, 1377, 1079 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.14 (tt, J = 6.96, 1.38 Hz, 1H, CH=C), 3.61−3.58 
(m, 1H, CHOH), 2.16−2.02 (m, 2H, CH2CH=CH2), 1.69 (s, 3H, C(CH3)(CH3)), 1.63 
(s, 3H, C(CH3)(CH3)), 1.52−1.40 (m, 4H), 1.27 (br, 12H), 0.88 (t, J = 6.63 Hz, 
CH3(CH2)7 ppm 
13C NMR (75.4 MHz, CDCl3): δ 132.0 (C), 124.2 (CH), 71.8 (CH), 37.5 (CH2), 
37.3 (CH2), 31.9 (CH2), 29.7 (CH2), 29.6 (CH2), 29.3 (CH2), 25.7 (CH3), 25.6 (CH2), 














Rf: 0.58 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C15H30O − 226.2297; found: [M]+ = 226.2297; [M-
H2O]+ = 208.2192 
FTIR (NaCl, neat): 3423, 2926, 2856, 1467, 912 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.94−5.80 (m, 1H, CH=CH2), 5.07−5.02 (m, 2H, 
CH=CH2), 3.27−3.24 (m, 1H, CHOH), 2.12 (dd, J = 13.58, 7.32 Hz, 1H, 
CHHCH=CH2), 1.98 (dd, J = 13.58, 7.29 Hz, 1H, CHHCH=CH2), 1.27 (br, 14H), 
0.87 (s, 3H, C(CH3)(CH3)), 0.86 (s, 3H, C(CH3)(CH3)), 0.87−0.86 (br, 3H, 
CH3(CH2)7) ppm 
13C NMR (75.4 MHz, CDCl3): δ 135.6 (CH), 117.0 (CH2), 78.6 (CH), 43.8 (CH2), 
37.9 (C), 31.9 (CH2), 31.2 (CH2), 29.8 (CH2), 29.6 (CH2), 29.3 (CH2), 27.1 (CH2), 
23.2 (CH3), 22.7 (CH2), 22.6 (CH3), 14.1 (CH3) ppm  
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Rf: 0.45 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C10H20O − 156.1514 found: [M]+ − 156.1514 
FTIR (NaCl, neat): 3379, 2962, 2931, 1466, 1377, 1057 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.13 (t, J = 6.97 Hz, 1H, CH=C), 3.38−3.32 (m, 1H, 
CHOH), 2.22−2.00 (m, 2H, CH2CH=C), 1.68 (s, 3H, C(CH3)(CH3)), 1.61 (s, 3H, 
C(CH3)(CH3), 1.54−1.33 (m, 3H), 0.90 (d, J = 2.09 Hz, 3H, CH(CH3)(CH3)),  0.88 (d, 
J = 2.09 Hz, 3H, CH(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 131.9 (C), 124.3 (CH), 76.4 (CH), 34.0 (CH2), 













Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C11H22O − 170.1671; found: [M]+ − 170.1670 
FTIR (NaCl, neat): 3422, 2959, 2871, 1483, 1365, 1074 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.14 (tt, J = 7.29, 1.38 Hz, 1H, CH=C), 3.20(dd, J = 
10.44, 1.74 Hz, 1H, CHOH), 2.23−2.16 (m, 1H, CH2CH=C), 2.11−1.99 (m, 1H, 
CH2CH=C), 1.70 (s, 3H, C(CH3)(CH3)), 1.64 (s, 3H, C(CH3)(CH3)) 1.36−1.23 (m, 
2H, CH2CHOH), 0.89 (s, 9H, C(CH2)3 ppm  
13C NMR (75.4 MHz, CDCl3): δ 139.5 (C), 124.4 (CH), 77.5 (CH), 34.8 (C), 31.5 
(CH2), 25.7 (4C, CH3), 25.5 (CH2), 17.6 (CH3) ppm 
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Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C13H24O − 196.1827; found: [M]+ − 196.1826 
FTIR (NaCl, neat): 3322, 2926, 2851, 1447, 1347, 1088, 1062, 966 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.14 (tt, J = 6.97, 1.39 Hz, 1H, CH=C), 3.39−3.33 
(m, 1H, CHOH), 2.21−1.98 (m, 2H, CH2CH=C), 1.69 (s, 3H, C(CH3)(CH3)), 1.63 (s, 
3H, C(CH3)(CH3), 1.57−0.97 (m, 12H) ppm  
13C NMR (75.4 MHz, CDCl3): δ 131.7 (C), 124.3 (CH), 75.8 (CH), 43.6 (CH), 34.0 
(CH2), 29.2 (CH2), 27.7 (CH2), 26.5 (CH2), 26.3 (CH2), 26.2 (CH2), 25.6 (CH3), 














Rf: 0.43 (n-hexane : ethyl acetate =2:1) 
HRMS (EI, m/z): M+ calcd for C28H44O2 − 412.3341; found: [M]+ − 412.3325 
FTIR (NaCl, neat): 3444, 2077, 1659, 1449, 1031, 737 cm−1 
1H NMR (300 MHz, CDCl3): δ 5.71 (br, 1H, 4-CH), 5.12 (tt, J = 6.96, 1.05 Hz, 1H, 
CH=C), 3.68−3.63 (m, H, CHOH), 1.68 (s, 3H, C(CH3)(CH3)), 1.61 (s, 3H, 
C(CH3)(CH3)), 1.17 (s, 3H, 19-CH3), 0.89 (d, J = 6.27 Hz, 3H, 21-CH3), 0.71 (s, 3H, 
18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.6 (C), 171.5 (C), 132.0 (C), 124.2 (CH), 123.8 
(CH), 73.3 (CH), 55.8 (CH), 53.8 (CH), 52.6 (CH), 42.3 (C), 40.3 (CH), 39.7 (CH2), 
38.6 (C), 35.7 (CH), 35.7 (CH2), 35.5 (CH2), 33.9 (CH2), 32.9 (CH2), 32.0 (CH2), 
27.6 (CH2), 25.7 (CH3), 25.1 (CH2), 24.1 (CH2), 21.1 (CH2), 17.7 (CH3), 17.4 (CH3), 
11.9 (CH3), 11.6 (CH3) ppm  
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To a solution of bishomoallylic alcohol 1g (0.0497 g, 0.2 mmol) in CH2Cl2 (5 
mL) was added TfOH (catalytic) under N2 at room temperature with stirring. The 
reaction was allowed to proceed for 3 h at room temperature.  
 
 The reaction was quenched by adding saturated sodium bicarbonate solution 
(2 mL). Extraction of the reaction mixture with ethyl acetate (5 x 5 mL) was then 
carried out. The combined organic extract was washed with water (20 mL) and 
saturated sodium chloride solution (20 mL), dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. Purification by silica gel flash 
column chromatography afforded the desired product.  
Rf: 0.63 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C16H24O2 − 248.1776; found: [M+23]+ − 271.1676 
FTIR (NaCl, neat): 2933, 1643, 1215, 1093, 756 cm−1 
1H NMR (300 MHz, CDCl3): δ 7.34−7.33 (m, 5H, Ph), 4.50 (s, 2H, OCH2Ph), 
3.74−3.65 (m, 1H, OCHCH2), 3.63−3.50 (m, 2H, BnOCH2), 1.74−1.52 (m, 8H), 1.18 
(s, 6H, C(CH3)2) ppm 
13C NMR (75.4 MHz, CDCl3): δ 138.7 (C), 128.3 (2C, CH), 127.6 (2C, CH), 127.4 
(CH), 72.9 (CH2), 71.6 (C), 67.3 (CH), 67.0 (CH2), 37.0 (CH2), 36.2 (CH2), 31.9 
(CH3), 31.7 (CH2), 22.0 (CH3), 20.1 (CH2) ppm 
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To a solution of In(OTf)3 (0.0112 g, 0.02 mmol) in CH2Cl2 (5 mL) was added 
bishomoallylic alcohol 1g (0.0497 g, 0.2 mmol) and  4-chlorobenzaldehyde (0.0281 g, 
0.2 mmol) under N2 at  0°C with stirring. The reaction was slowly warmed to room 
temperature and stirred for 12 h.  
 The reaction was quenched by adding saturated sodium bicarbonate solution 
(2 mL). Extraction of the reaction mixture with CH2Cl2 (5 x 5 mL) was then carried 
out. The combined organic extract was washed with water (20 mL) and saturated 
sodium chloride solution (20 mL), dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure. Purification by silica gel flash column 
chromatography afforded the desired product 4g.  
Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
HRMS (ESI, m/z): M+ calcd for C23H27ClO2 − 370.1700; found: [M+23]+ − 393.1604 
1H NMR (300 MHz, CDCl3): δ 7.32−7.22 (m, 4H, Cl-Ph), 4.64−4.63 (m, 2H, 
CH2=C), 4.48 (s, 2H, PhCH2O), 4.19 (d, J = 10.11, 1H, Cl-PhCHO), 3.70−3.60 (m, 
1H, OCHCH2), 3.60−3.51 (m, 2H, BnOCH2), 2.21−2.12 (m, 1H, CH2=CCH), 
1.92−1.67 (m, 6H), 1.56 (s, 3H, CH3C=CH2) ppm 
13C NMR (75.4 MHz, CDCl3): δ 146.0 (C), 140.1 (C), 138.6 (C), 133.0 (C), 128.7 
(2C, CH), 128.3 (2C, CH), 128.1 (2C, CH), 127.6 (2C, CH), 127.5 (CH), 112.3 
(CH2), 83.2 (CH), 75.3 (CH), 72.9 (CH2), 66.8 (CH2), 50.7 (CH), 36.4 (CH2), 31.7 
(CH2), 30.3 (CH2), 21.5 (CH3) ppm 
                                                  
1
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 Ozone was bubbled into a stirred solution of 4g in CH2Cl2 at -78°C for 10 min 
until the blue colour of the saturated ozone solution persisted. The solution was then 
purged with nitrogen for 5 min. Excess dimethyl sulfide was added to quench the 
ozonolide at -78°C. The reaction was allowed to warm up to room temperature over a 
period of 2 h. The CH2Cl2 was removed under reduce pressure. Purification by silica 
gel flash column chromatography afforded the desired product 6g.  
Rf: 0.20 (n-hexane : ethyl acetate = 4:1) 
1H NMR (300 MHz, CDCl3): δ 9.75 (t, J = 1.39 Hz, 1H, CHO), 7.34−7.30 (m, 5H, 
Ph), 5.13−5.03 (m, 1H, CH2CHCH2), 4.47 (s, 2H, OCH2Ph), 3.55−3.43 (m, 2H, 
BnOCH2), 2.48 (td, J = 9.45, 1.39 Hz, 2H CH2CHO), 1.99 (s, 3H, CH3COO), 
2.00−1.83 (m,4H) ppm 
13C NMR (75.4 MHz, CDCl3): δ 201.4 (CH), 170.7 (C), 138.1 (C), 128.3 (2C, CH), 
127.7 (2C, CH), 127.6 (CH), 73.0 (CH2), 70.9 (CH), 66.3 (CH2), 39.8 (CH2), 34.2 
(CH2), 26.6 (CH2), 21.0 (CH3) ppm 
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7g (E:Z = 96:4)
 
 To solution of 4g (0.1452 g, 0.5 mmol) and methacrolein (0.062 mL, 0.75 
mmol) in CH2Cl2 was added Grubbs 2nd generation catalyst (0.025 g, 0.03 mmol) at 
room temperature with stirring. The reaction mixture was heated to reflux for 
overnight.  
 Purification by silica gel flash column chromatography afforded the desired 
product 7g in the E/Z ratio of 96:4. 
Rf: 0.28 (n-hexane : ethyl acetate = 4:1) 
1H NMR (300 MHz, CDCl3): δ 9.38 (s 1H, CHO), 7.34−7.27 (m, 5H, Ph), 6.44 (tt, J 
= 7.31, 1.39 Hz, 1H, CH=C), 5.09 (qn, J = 6.27 Hz, 1H, CH2CHCH2, 4.47 (s, 2H, 
OCH2Ph), 3.54−3.47 (m, 2H, BnOCH2), 2.37 (td, J = 7.66, 7.31 Hz, 2H, 
BnOCH2CH2), 2.00 (s, 3H, CH3COO), 1.92−1.85 (m, 2H), 1.81−1.74 (m,2H), 1.72 (s, 
3H, CH3C=CH) ppm 
13C NMR (75.4 MHz, CDCl3): δ 195.0 (CH), 170.6 (C), 153.2 (CH), 139.6 (C), 
138.1 (C), 128.3 (2C, CH), 127.6 (2C, CH), 127.6 (CH), 73.0 (CH2), 71.1 (CH), 
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Chapter 2 A Highly Efficient Chemical Kinetic Resolution of Bishomoallylic 





















General reaction procedure: 
 To a solution of bishomoallylic alcohol 1 (0.3 mmol, 1 equiv.) and steroidal 
aldehyde 2 (0.3 mmol, 1 equiv.) in CH2Cl2 under nitrogen was added In(OTf)3 (0.03 
mmol, 0.1 equiv.) at room temperature with stirring. The mixture was stirred for 4 h. 
The resolved bishomoallylic alcohol 1 was converted to its corresponding 3,5-
dinitrobenzoic ester directly after the reaction.  
Purification by silica gel flash column chromatography afforded the desired 
product. 
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Rf: 0.48 (n-hexane : ethyl acetate = 4:1)  
HRMS (EI, m/z): M+ calcd for C38H54O3 − 558.4073; found: [M]+ − 558.4080 
FTIR (NaCl, neat): 2940, 1670, 1451, 1377, 1102, 737, 699 cm−1 
[α]25 : +30.44° (c = 0.0497 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.34−7.32 (m, 5H, OCH2Ph), 5.73 (br, 1H, 4-CH), 
4.72 (s, 2H, OCH2Ph), 4.52−4.49 (m, 2H, CH2=), 3.63−3.53 (m, 2H, CH2OCH2Ph), 
3.42−3.35 (m, 1H, OCHCH2), 3.25 (dd, J = 10.11, 1.05 Hz, 1H, 22-CH), 1.18 (s, 3H, 
19-CH3), 0.88 (d, J = 6.27 Hz, 3H, 21-CH3), 0.66 (s, 3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.7 (C), 171.7 (C), 146.9 (C), 138.7 (C), 128.3 
(2C, CH), 127.5 (2C, CH), 127.5 (CH), 123.7 (CH), 111.8 (CH2), 80.9 (CH), 74.5 
(CH), 73.1 (CH2), 67.2 (CH2), 55.9 (CH), 53.8 (CH), 52.3 (CH), 45.7, 42.0 (C), 39.7 
(CH2), 38.6 (C), 36.7 (CH), 36.4 (CH2), 35.7 (CH), 35.7 (CH2), 34.0 (CH2), 32.9 
(CH2), 32.0 (2C, CH2), 30.5 (CH2), 27.6 (CH2), 24.0 (CH2), 21.1 (CH2), 19.7 (CH3), 
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Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
Selectivity: >99% ee (Rt = 24.31, 26.73 min; OD Daicel chiralcel HPLC column; n-
hexane : isopropanol = 99:1; Flow rate: 0.5 mL/min) 
FTIR (NaCl, neat): 2961, 2864, 1729, 1546, 1345, 1279, 731, 721 cm−1 
[α]25 : -4.31° (c = 0.0260 g/mL, CH2Cl2, >99% ee)  
1H NMR (300 MHz, CDCl3): δ 9.10 (t, J = 2.09 Hz, 1H, C6H2H), 9.00 (d, J = 2.09 
Hz, 2H, C6H2H), 7.17−7.11 (m, 5H, Ph), 5.47−5.39 (m, 1H, CH2CHCH2), 5.10 (tt, J 
= 6.97, 1.39 Hz, 1H, CH=C), 4.37 (s, 2H, PhCH2O), 3.60 (t, J = 5.23 Hz, 2H, 
BnOCH2), 2.10−2.00 (m, 2H, CH2CH=C), 1.91−1.67 (m, 4H), 1.64 (s, 3H, 
C(CH3)(CH3)), 1.55 (s, 3H, C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.3 (C), 148.2 (2C,C), 137.9 (C), 134.5 (C), 
132.7 (C), 129.3 (2C, CH), 128.1 (2C, CH), 127.7 (2C, CH),127.5 (CH), 123.0 (CH), 
122.0 (CH), 75.4 (CH), 73.2 (CH2), 67.2 (CH2), 34.5 (CH2), 34.4 (CH2), 25.7 (CH3), 
24.0 (CH2), 17.7 (CH3) ppm 
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Rf: 0.53 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C32H50O2 − 466.3811; found: [M]+ − 466.3813 
FTIR (KBr, pellet): 2942, 1665, 1266, 1069, 739 cm−1 
[α]25 : +42.29° (c = 0.0647 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 5.72 (br, 1H, 4-CH), 4.75−4.72 (m, 2H, CH2=), 3.21 
(dd, J = 10.08, 1.74 Hz, 1H, 22-CH), 1.17 (s, 3H, 19-CH3), 0.92 (d, J = 6.96 Hz, 3H, 
CH(CH3)(CH3)), 0.89 (d, J = 6.24 Hz, 3H, 21-CH3), 0.86 (d, J = 6.96 Hz, 3H, 
CH(CH3)(CH3)),0.66 (s, 3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.7 (C), 171.8 (C), 147.1 (C), 123.7 (CH), 111.6 
(CH2), 82.9 (CH), 80.8 (CH), 55.8 (CH), 53.8 (CH), 52.2 (CH), 45.7 (CH), 42.0 (C), 
39.7 (CH2), 38.6 (C), 36.9 (CH), 35.7 (CH), 35.6 (CH2), 33.9 (CH2), 33.3 (CH), 
32.9 (CH2), 32.0 (CH2), 30.6 (CH2), 28.7 (CH2), 27.6 (CH2), 24.0 (CH2), 21.1 (CH2), 
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Rf: 0.70 (n-hexane : ethyl acetate = 4:1) 
Selectivity: >99% ee (Rt = 7.52, 8.38 min; OD Daicel chiralcel HPLC column; n-
hexane : isopropanol = 99:1; Flow rate: 1mL/min) 
FTIR (NaCl, neat): 2967, 2932, 1729, 1548, 1345, 1279, 731, 722 cm−1 
[α]25 : -23.08° (c = 0.0208 g/mL, CH2Cl2, >99% ee) 
1H NMR (300 MHz, CDCl3): δ 9.22 (t, J = 2.10 Hz, 1H, C6H2H), 9.15 (d, J = 2.10 
Hz, 2H, C6H2H), 5.14−5.07 (m, 2H, CHCHCH2 and CH=C), 2.08−2.00 (m, 2H, 
CH2CH=C), 1.86−1.66 (m, 3H), 1.62 (s, 3H, C(CH3)(CH3)), 1.54 (s, 3H, 
C(CH3)(CH3), 1.00 (d, J = 2.79 Hz, 3H, CH(CH3)(CH3)), 0.98  (d, J = 2.79 Hz, 3H, 
CH(CH3)(CH3)) ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.3 (C), 148.7 (2C,C), 134.4 (C), 132.5 (C), 
129.3 (2C,CH), 123.2 (CH), 122.2 (CH), 81.8 (CH), 31.6 (CH), 31.0 (CH2), 25.6 
(CH3), 24.3 (CH2), 18.5 (CH3), 17.7 (CH3), 17.6 (CH3) ppm 
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Rf: 0.53 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C35H54O2 − 506.4142; found: [M]+ − 506.4128 
FTIR (KBr, pellet): 2928, 1673, 1447, 1378 cm−1 
[α]25 : +36.02° (c = 0.0804 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 5.71 (br s, 1H, 4-CH), 4.73−4.70 (m, 2H, CH2=), 
3.19 (dd, J = 10.11, 1.41 Hz, 1H, 22-CH), 1.17 (s, 3H, 19-CH3), 0.88 (d, J = 6.24 Hz, 
3H, 21-CH3), 0.65 (s, 3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.7 (C), 171.9 (C), 147.2 (C), 123.7 (CH), 111.6 
(CH2), 82.2 (CH), 80.9 (CH), 55.7 (CH), 53.7 (CH), 52.2 (CH), 45.9 (CH), 43.1 
(CH), 42.1 (C), 39.7 (CH2), 38.6 (C), 36.9 (CH), 35.7 (CH), 35.7 (CH2), 34.0 (CH2), 
33.0 (CH2), 32.0 (CH2), 30.7 (CH2), 29.1 (CH2), 28.9 (CH2), 28.8 (CH2), 27.6 (CH2), 
26.7 (CH2), 26.3 (CH2), 26.2 (CH2), 24.1 (CH2), 21.1 (CH2), 19.7 (CH3), 17.4 (CH3), 
12.5 (CH3), 11.8 (CH3) ppm 
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Single crystal X-ray diffraction analysis: 
 
 
Empirical formula C35H54O2 
Formula weight 506.78 
Temperature 223(2)K 
Wavelength 0.71073Å 
Crystal system Orthorhombic 
Space group P2(1)2(1)2(1) 
Unit cell dimensions a = 6.2915(10)Å          α = 90°  
 b = 16.082(3) Å           β = 90° 
 c = 30.679(5) Å           γ = 90° 
Volume 3104.1(9)Å3 
Z  4 
Density (calculated) 1.084 Mg/m3 
Absorption coefficient 0.065 mm-1 
F(000) 1120 
Crystal size 0.38 × 0.28 × 0.16 mm3 
Theta range for data collection 1.83 to 27.50° 
Index ranges 
-8 ≤ h ≤ 8, -20 ≤ k ≤ 20, -39 ≤ l ≤ 39  
Reflections collected 30138 
Independent reflections 7123 [R(int) = 0.0569] 
Completeness to theta = 27.50° 99.9% 
Absorption correction Sadabs, (Sheldrick 2001) 
Max. and min. transmission 0.9897 and 0.9759 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7123 / 15 / 358 
Goodness-of-fit on F2 1.102 
Final R indices [I>2sigma(I)] R1 = 0.0830, wR2 = 0.1702 
R indices (all data) R1 = 0.1117, wR2 = 0.1836 
Absolute structure parameter  -3(2) 
Largest diff. Peak and hole 0.284 and –0.197 e.Å-3 
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Rf: 0.70 (n-hexane : ethyl acetate = 4:1) 
Selectivity: >99% ee (Rt = 63.09, 69.87 min; AD Daicel chiralpak HPLC column; n-
hexane : isopropanol = 99:1; Flow rate: 0.1 mL/min) 
FTIR (NaCl, neat): 2930, 2855, 1729, 1548, 1345, 1279, 731, 722 cm−1 
[α]25 : -11.59° (c = 0.0270 g/mL, CH2Cl2, >99% ee) 
1H NMR (300 MHz, CDCl3): δ 9.23 (t, J = 2.09 Hz, 1H, C6H2H), 9.15 (d, J = 2.09 
Hz, 2H, C6H2H), 5.14−5.06 (m, 2H, CHCHCH2 and CH=C), 2.07−2.00 (m, 2H, 
CH2CH=C), 1.79−1.74 (m, 13H), 1.62 (s, 3H, C(CH3)(CH3)), 1.54 (s, 3H, 
C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.3 (C), 148.7 (2C,C), 134.5 (C), 132.5 (C), 
129.4 (2C, CH), 123.2 (CH), 122.2 (CH), 81.4 (CH), 41.5 (CH), 31.2 (CH2), 29.1 
(CH2), 28.3 (CH2), 26.3 (CH2), 26.0 (CH2), 26.0 (CH2), 25.7 (CH3), 24.7 (CH2), 
17.7 (CH3) ppm.  
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Rf: 0.40 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C35H48O2 − 500.3654; found: [M]+ − 500.3653 
FTIR (NaCl, neat): 2940, 1669,1450, 1266, 1063, 739, 700 cm−1 
[α]25 : +47.54° (c = 0.071 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.35−7.33 (m, 5H, OCHPh), 5.71 (br, 1H, 4-CH), 
4.82−4.79 (m, 2H, CH2=), 4.33 (d, J = 10.8 Hz, 1H, OCHPh), 3.48 (d, J = 9.75 Hz, 
1H, 22-CH), 1.17 (s, 3H, 19-CH3), 1.02 (d, J = 5.94 Hz, 3H, 21-CH3), 0.69 (s, 3H, 
18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.6 (C), 171.7 (C), 146.8 (C), 144.2 (C), 128.0 
(2C, CH), 126.8 (CH), 125.4 (2C, CH), 123.7 (CH), 112.0 (CH2), 81.2 (CH), 79.1 
(CH), 55.7 (CH), 53.8 (CH), 51.9 (CH), 45.4 (CH), 42.1 (C), 39.6 (CH2), 38.5 (C), 
37.0 (CH2), 35.7 (CH2), 35.6 (CH2), 34.5 (CH2), 33.9 (CH2), 32.9 (CH2), 31.9 (CH2), 
30.7 (CH2), 27.7 (CH2), 24.0 (CH2), 21.0 (CH2), 19.8 (CH3), 17.4 (CH3), 12.5 (CH3), 
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Rf: 0.70 (n-hexane : ethyl acetate = 4:1) 
Selectivity: >99% ee (Rt = 12.03, 15.43 min; OD Daicel chiralcel HPLC column; n-
hexane : isopropanol = 98:2; Flow rate: 1 mL/min) 
FTIR (NaCl, neat): 2926, 2861, 1728, 1545, 1345, 1279, 1170, 721 cm−1 
[α]25 : +20.06° (c = 0.0164 g/mL, CH2Cl2, >99% ee) 
1H NMR (300 MHz, CDCl3): δ 9.22 (t, J = 2.09 Hz, 1H, C6H2H), 9.16 (d, J = 2.09 
Hz, 2H, C6H2H), 7.45−7.27 (m, 5H, Ph), 6.06−6.02 (m, 1H, CHCH2), 5.14 (tt, J = 
6.62, 1.39 Hz, 1H, CH=C), 2.27−1.96 (m, 4H), 1.67 (s, 3H, C(CH3)(CH3)), 1.52 (s, 
3H, C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 161.9 (C), 148.7 (2C,C), 139.2 (C), 134.2 (C), 
133.1 (C), 129.4 (2C, CH), 128.8 (2C, CH), 128.6 (CH), 126.8 (2C, CH), 122.6 
(CH), 122.3 (CH), 79.0 (CH), 35.9 (CH2), 25.7 (CH3), 24.2 (CH2), 17.7 (CH3) ppm.  
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Rf: 0.40 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C37H52O2 − 528.3967; found: [M]+ − 528.3966  
FTIR (NaCl, neat): 2944, 1679, 1452, 1379, 880, 862, 759, 702 cm−1 
[α]25 : +18.16° (c = 0.0861 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.30−7.15 (m, 5H, Ph), 5.73 (br s, 1H, 4-CH), 
4.77−4.73 (m, 2H, CH2=), 3.22 (dd, J = 10.08, 1.41 Hz, 1H, 22-CH), 3.18−3.14 (m, 
1H, OCHCH2CH2Ph), 2.85−2.62 (m, 2H, OCHCH2CH2Ph), 1.18 (s, 3H, 19-CH3), 
0.93  (d, J = 6.96 Hz, 3H, 21-CH3), 0.69 (s, 3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.6 (C), 171.7 (C), 147.0 (C), 142.5 (C), 128.5 
(2C, CH), 128.2 (2C, CH), 125.6 (CH), 123.7 (CH), 111.7 (CH2), 80.8 (CH), 76.4 
(CH), 55.9 (CH), 53.7 (CH), 52.1 (CH), 45.8 (CH), 42.1 (C), 39.7 (CH2), 38.6 (C), 
37.8 (CH2), 37.0 (CH), 35.7 (CH), 35.6 (CH2), 33.9 (CH2), 32.9 (CH2), 32.0 (CH2), 
32.0 (CH2), 31.8 (CH2), 30.4 (CH2), 27.8 (CH2), 24.0 (CH2), 21.0 (CH2), 19.7 (CH3), 
17.4 (CH3), 12.4 (CH3), 11.7 (CH3) ppm 
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Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
Selectivity: 92% ee (Rt = 11.85, 15.13 min; OD Daicel chiralcel HPLC column; n-
hexane : isopropanol = 98:2; Flow rate: 1 mL/min) 
FTIR (NaCl, neat): 2925, 2859, 1728, 1545, 1344, 1277, 1169, 721 cm−1 
[α]25 : +11.33° (c = 0.0331 g/mL, CH2Cl2, 92% ee) 
1H NMR (300 MHz, CDCl3): δ 9.20 (t, J = 2.09 Hz, 1H, C6H2H), 9.03 (d, J = 2.09 
Hz, 2H, C6H2H), 7.23−7.04 (m, 5H, Ph), 5.32−5.26 (m, 1H, CH2CHCH2), 5.09 (tt, J 
= 6.97, 1.39 Hz, 1H, CH=C), 2.16−1.73 (m, 6H), 1.64 (s, 3H, C(CH3)(CH3)), 1.55 (s, 
3H, C(CH3)(CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.2 (C), 148.6 (2C,C), 141.1 (C), 134.2 (C), 
132.7 (C), 129.3 (2C, CH), 128.5 (2C, CH), 128.3 (2C, CH), 125.9 (CH), 122.9 
(CH), 122.2 (CH), 77.3 (CH), 35.3 (CH2), 34.1 (CH2), 31.9 (CH2), 25.7 (CH3), 24.0 
(CH2), 17.7 (CH3) ppm 
 
 Procedures & Data – Part II 
 
 











Rf: 0.43 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C39H56O3 − 572.4229; found: [M]+ − 572.4229 
FTIR (NaCl, neat): 2940, 1665, 1451, 1377, 1267, 936, 890,738, 699 cm−1 
[α]25 : +25.36° (c = 0.0728 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 7.34−7.33 (m, 5H, OCH2Ph), 5.72 (br s, 1H, 4-CH), 
4.72 (s, 2H, OCH2Ph), 4.51−4.50 (m, 2H, CH2=), 3.56−3.43 (m, 2H, CH2OCH2Ph), 
3.22 (dd, J = 9.99, 1.38 Hz, 1H, 22-CH), 3.21−3.13 (m, 1H, OCHCH2), 1.17 (s, 3H, 
19-CH3), 0.88 (d, J = 6.27 Hz, 3H, 21-CH3), 0.66 (s, 3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.7 (C), 171.8 (C), 147.1 (C), 138.6 (C), 128.4 
(2C, CH), 127.7 (2C, CH), 127.5 (CH), 123.7 (CH), 111.8 (CH2), 80.9 (CH), 77.6 
(CH), 72.9 (CH2), 70.6 (CH2), 55.8 (CH), 53.8 (CH), 52.1 (CH), 45.8 (CH), 42.1 
(C), 39.7 (CH2), 38.6 (C), 36.8 (CH), 35.7 (CH), 35.7 (CH2), 34.0 (CH2), 33.0 (CH2), 
32.8 (CH2), 32.0 (CH2), 32.0 (CH2), 30.5 (CH2), 27.7 (CH2), 26.1 (CH2), 24.0 (CH2), 
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Rf: 0.55 (n-hexane : ethyl acetate = 4:1) 
Selectivity: 82% ee (Rt = 39.18, 49.49 min; OJ Daicel chiralcel HPLC column; n-
hexane : isopropanol = 95:5; Flow rate: 0.5 mL/min) 
FTIR (NaCl, neat): 2924, 2857, 1728, 1630, 1546, 1345, 1278, 721 cm−1 
[α]25 : -6.34° (c = 0.0336 g/mL, CH2Cl2, 82% ee) 
1H NMR (300 MHz, CDCl3): δ 9.21 (t, J = 2.09 Hz, 1H, C6H2H), 9.12 (d, J = 2.09 
Hz, 2H, C6H2H), 7.32−7.31 (m, 5H, Ph), 5.31−5.23 (m, 1H, CH2CHCH2), 5.09 (tt, J 
= 7.31, 1.39 Hz, 1H, CH=C), 4.48 (s, 2H, PhCH2O), 3.50 (t, J = 6.27 Hz, 2H, 
BnOCH2), 2.10−1.66 (m, 6H), 1.63 (s, 3H, C(CH3)(CH3)), 1.55 (s, 3H, C(CH3)(CH3) 
ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.2 (C), 148.6 (2C,C), 138.3 (C), 134.4 (C), 
132.6 (C), 129.4 (2C, CH), 128.4 (2C, CH), 127.6 (3C, CH), 123.0 (CH), 122.2 
(CH), 77.4 (CH), 73.0 (CH2), 69.7 (CH2), 34.0 (CH2), 30.9 (CH2), 25.7 (CH3), 25.7 
(CH2), 24.0 (CH2), 17.7 (CH3) ppm.  
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Rf: 0.45 (n-hexane : ethyl acetate = 4:1) 
HRMS (EI, m/z): M+ calcd for C30H46O2 − 438.3498; found: [M]+ − 438.3495 
FTIR (NaCl, neat): 2933, 1679, 1445, 1381, 1074, 888 cm−1 
[α]25 : +49.33° (c = 0.1339 g/mL, CH2Cl2) 
1H NMR (300 MHz, CDCl3): δ 5.70 (br, 1H, 4-CH), 4.74−4.71 (m, 2H, CH2=), 
3.32−3.28 (m, 1H, OCHCH3), 3.24 (d, J = 10.08 Hz, 1H, 22-CH), 1.16 (s, 3H, 19-
CH3), 1.11 (d, J = 6.27 Hz, 3H, OCHCH3), 0.87 (d, J = 6.27 Hz, 3H, 21-CH3), 0.65 (s, 
3H, 18-CH3) ppm 
13C NMR (75.4 MHz, CDCl3): δ 199.6 (C), 171.7 (C), 147.1 (C), 123.7 (CH), 111.7 
(CH2), 80.9 (CH), 73.9 (CH), 55.7 (CH), 53.8 (CH), 51.9 (CH), 45.5 (CH), 42.1 (C) 
39.5 (CH2), 38.6 (C), 36.6 (CH), 35.7 (CH), 35.6 (CH2), 33.9 (CH2), 33.7 (CH2), 
32.9 (CH2), 32.0 (CH2), 30.5 (CH2), 27.6 (CH2), 24.0 (CH2), 22.1 (CH3), 21.0 (CH2), 
19.7 (CH3), 17.4 (CH3), 12.4 (CH3), 11.8 (CH3) ppm 
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Rf: 0.60 (n-hexane : ethyl acetate = 4:1) 
Selectivity: 96% ee (Rt = 13.01, 14.58 min; OD Daicel chiralcel HPLC column; n-
hexane : isopropanol = 99:1; Flow rate: 1 mL/min) 
FTIR (NaCl, neat): 2976, 2926, 1728, 1546, 1345, 1280, 1171, 722 cm−1 
[α]25 : -34.47° (c = 0.0257 g/mL, CH2Cl2, 98% ee) 
1H NMR (300 MHz, CDCl3): δ 9.21 (t, J = 2.09 Hz, 1H, C6H2H), 9.14 (d, J = 2.09 
Hz, 2H, C6H2H), 5.30−5.20 (m, 1H, CH3CHCH2), 5.11 (tt, J = 6.97, 1.39 Hz, 1H, 
CH=C), 2.13−2.06 (m, 2H, CH2CH=C), 1.93−1.67 (m, 2H), 1.65 (s, 3H, 
C(CH3)(CH3)), 1.56 (s, 3H, C(CH3)(CH3), 1.41 (d, J = 6.27 Hz, 3H, CH3CH) ppm 
13C NMR (75.4 MHz, CDCl3): δ 162.0 (C), 148.6 (2C,C), 134.5 (C), 132.6 (C), 
129.3 (2C, CH), 122.9 (CH), 122.1 (CH), 74.1 (CH), 35.7 (CH2), 25.6 (CH3), 24.0 
(CH2), 19.9 (CH3), 17.6 (CH3) ppm  
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Rf: 0.40 (n-hexane : ethyl acetate = 9:1) 
HRMS (EI, m/z): M+ calcd for C16H22O2 − 246.1620; found: [M]+ − 246.1615 
1H NMR (300 MHz, CDCl3): δ 7.24 (d, J = 8.71 Hz, 2H, Ar), 6.83 (d, J = 8.71 Hz, 
2H, Ar), 4.63−4.61 (m, 2H, C=CH2), 4.19 (d, J = 10.08 Hz, 1H, Ph CHO), 3.78 (s, 
3H, OCH3), 3.68−3.59 (m, 1H, CHOCH3), 2.30−2.22 (m, 1 H, =CCH), 1.92−1.86 (m, 
2H), 1.65−1.64 (m, 2H), 1.45 (s, 3H, CH3C=), 1.24 (d,  J = 6.26 Hz, 3H, CHOCH3)  
ppm 
13C NMR (75.4 MHz, CDCl3): δ 158.9 (C), 146.5 (C), 133.7 (C), 128.5 (2C, CH), 
113.4 (2C, CH), 111.8 (CH2), 83.6 (CH), 74.3 (CH), 55.1 (CH3), 50.1 (CH), 33.6 
(CH2), 30.5 (CH2) 22.2 (CH3), 21.4 (CH3) ppm 
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 To a solution of In(OTf)3 (0.1 mmol) in CH2Cl2 (3 mL) was added 14 (1.0 
mmol) followed by acetic anhydride (1.2 mmol) at room temperature with stirring. 
The reaction was allowed to proceed for 10 min at room temperature.  
 Water (10 mL) was then added. Extraction of the reaction mixture with diethyl 
ether/hexane (1:1, 5 x 10 mL) was then carried out. The combined organic extract was 
washed with water (20 mL) and saturated sodium chloride solution (20 mL), dried 
over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 
Purification by silica gel flash column chromatography afforded the desired product.  
 
Rf: 0.33 (n-hexane : ethyl acetate = 9:1) 
HRMS (EI, m/z): M+ calcd for C18H24O3 − 288.1725; found: [M]+ − 288.1727 
1H NMR (300 MHz, CDCl3): δ 7.13 (d, J = 8.37 Hz, 1H, Ar), 6.87 (d, J = 2.43 Hz, 
1H, Ar), 6.73 (dd, J = 8.37, 2.43 Hz, 1H, Ar), 6.29 (s, 1H, CH=C), 5.05−4.99 (m, 1H, 
CH3CH), 3.82 (s, 3H, OCH3), 2.28−2.17 (m, 2H), 2.06 (s, 3H, CH3COO), 2.03−1.93 
(m, 2H), 1.29 (d, J = 6.27 Hz, 3H, CH3CH), 1.20 (s, 6H, C(CH3)2) ppm 
13C NMR (75.4 MHz, CDCl3): δ 170.8 (C), 157.6 (C), 156.2 (C), 155.5 (C), 135.6 
(C), 121.7 (CH), 120.4 (CH), 111.2 (CH), 108.4 (CH), 70.9 (CH), 55.6 (CH3), 50.5 
(C), 34.0 (CH2), 24.4 (2C, CH3), 22.3 (CH2), 21.4 (CH3), 20.1 (CH3) ppm 
 
 Procedures & Data – Part II 
 
 




 Procedures & Data – Part II 
 
 






 Procedures & Data – Part II 
 
 




 Procedures & Data – Part II 
 
 
Experimental Section                                                                                                  208 












To a solution of In(OTf)3 (0.1 mmol) in aceto nitrile (3 mL) was added 14 (1.0 
mmol) followed by acetic anhydride (1.2 mmol) at room temperature with stirring. 
The reaction was allowed to proceed for 10 min at room temperature.  
 Water (10 mL) was then added. Extraction of the reaction mixture with diethyl 
ether/hexane (1:1, 5 x 10 mL) was then carried out. The combined organic extract was 
washed with water (20 mL) and saturated sodium chloride solution (20 mL), dried 
over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 
Purification by silica gel flash column chromatography afforded the desired product.  
 
Rf: 0.20 (n-hexane : ethyl acetate = 9:1) 
HRMS (EI, m/z): M+ calcd for C20H25NO3 − 327.1834; found: [M]+ − 327.1836 
1H NMR (300 MHz, CDCl3): δ 7.33−7.29 (m, 2H, Ar), 6.96−6.92 (m, 3H, Ar), 
4.81−4.71 (m, 1H, CHCH3), 3.83 (s, 3H, OCH3), 2.62 −2.54 (m, 2H), 2.49 (s, 3H, py-
CH3), 2.33 (s, 3H, py-CH3), 1.92 (s, 3H, COCH3), 1.62−1.53 (m, 2H), 1.08 (d, J = 
6.27 Hz, 3H, CH3CH) ppm 
13C NMR (75.4 MHz, CDCl3): δ 170.6 (C), 159.2 (C), 158.5 (C), 154.8 (C), 146.1 
(C), 133.9 (C), 130.4 (C), 129.9 (CH), 124.0 (CH), 113.6 (CH), 70.6 (CH), 55.3 
(CH3), 35.8 (CH2), 24.7 (CH2), 24.0 (CH3), 21.2 (CH3), 19.5 (CH3), 19.2 (CH3) ppm 
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 To a solution of rac-sulcatol 12 (0.3 mmol, 1 equiv.) and steroidal aldehyde 2 
(0.3 mmol, 1 equiv.) in CH2Cl2 under nitrogen was added In(OTf)3 (0.03 mmol, 0.1 
equiv.) at room temperature with stirring. The mixture was stirred for 4 h at room 
temperature. 
Pyridine was then added, followed by TsCl (1.5 equiv.). The reaction was 
allowed to stir at room temperature for 4 h. 
n-Hexane (30mL) was added. The solution was then washed with saturated 
CuSO4 solution (2 x 10 mL), saturated sodium bicarbonate solution (2 x 10 mL), 
water (20 mL), brine (20 mL), dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure. Purification by silica gel flash column 
chromatography afforded the desired product.  
Rf: 0.65 (n-hexane : ethyl acetate = 4:1) 
Selectivity: 98% ee (Rt = 9.05, 9.73 min; ADH Daicel chiralpak HPLC column; n-
hexane : isopropanol = 99:1; Flow rate: 1 mL/min) 
1H NMR (300 MHz, CDCl3): δ 7.78 (d, J = 8.37 Hz, 2H, Ar), 7.32 (d, J = 8.37 Hz, 
2H, Ar), 4.90 (tt, J = 6.96, 1.41, 1H, CH=C), 4.59 (td, J = 6.27, 6.27 Hz, 1H, CH3CH), 
2.43 (s, 3H, CH3Ar), 1.93−1.77 (m, 2H), 1.62 (s, 3H, C(CH3)(CH3)), 1.50 (s, 3H, 
C(CH3)(CH3)), 1.26 (d, J = 6.27 Hz, CH3CH), 1.27−1.17 (m, 2H)  ppm 
13C NMR (75.4 MHz, CDCl3): δ 144.4 (C), 132.5 (C), 129.7 (C), 129.6 (2C, CH), 
127.7 (2C, CH), 122.7 (CH), 80.3 (CH), 36.5 (CH2), 25.5 (CH3), 23.4 (CH2), 21.6 
(CH3), 20.8 (CH3), 17.6 (CH3) ppm 
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 A mixture of (R)-6-methylhept-5-en-2-yl 4-methylbenzenesulfonate 18 
(0.1411 g, 0.5 mmol) and Fe(acac)3 (9 mg, 0.025 mmol) in Et2O (4 mL) was warm to 
reflux. To this was added p-tolymagnesium bromide (1 mmol), resulting in an 
immediate color change from red to black. 
The mixture was refluxed for 30 minutes and then poured into aqueous 1 M 
HCl solution (2 mL). Extraction of the reaction mixture with hexane (5 x 10 mL) was 
then carried out. The combined organic extract was washed with saturated sodium 
chloride solution (20 mL), dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure. Purification by silica gel flash column 
chromatography afforded the desired product. 2 
 
Rf: 0.65 (n-hexane) 
1H NMR (300 MHz, CDCl3): δ 7.15−7.05 (m, 4H, Ar), 5.15−5.05 (m, 1H, CH=C), 
2.75−2.60 (m, 1H, CH3CH), 2.33 (s, 3H, CH3Ar), 1.95−1.80 (m, 2H, CH2CH=C), 
1.68 (s, 3H, C(CH3)(CH3)), 1.70−1.50 (m, 2H, CH2CH2CH=C), 1.54 (s, 3H, 
C(CH3)(CH3)), 1.23 (d, J = 6.8 Hz, 3H, CH3CH) ppm 
 
13C NMR (75.4 MHz, CDCl3): δ 144.7, 135.1, 131.3, 128.9, 126.9, 124.6, 39.0, 38.5, 
26.2, 25.7, 22.5, 21.0, 17.7 ppm 
 
 
                                                  
2
 Nagano, T.; Hayashi, T. Org. Lett. 2004, 6, 1297−1299. 
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 Ozone was bubbled through a solution of curcumene 19 (0.0163 g, 0.08 mmol) 
in CH2Cl2 (1 mL) at -78 °C. The reaction was monitored by TLC until the starting 
material was completely reacted. A solution of NaBH4 (0.03 g, 0.8 mmol) in ethanol 
(4 mL) was added dropwise and the resulting mixture was stirred for 10 minutes at -
78 °C. The reaction was warmed to 0 °C for 1 hour and then to room temperature.  
Water (5 mL) was added and the resulting mixture was stirred for another 6 
hours. The ethanol was removed in vacuo and the product was extracted with ethyl 
acetate (5 x 5 mL). The combined organic layer was then washed with water (10 mL), 
brine (10 mL) and dried over anhyderous sodium sulfate. After filtration, the ethyl 
acetate was removed in vacuo. The residue was purified by silica gel column 
chromatography to afford the desired product.3  
Rf: 0.35 (n-hexane : ethyl acetate = 4:1) 
Selectivity: racemic (Rt = 7.50, 8.65 min; ODH Daicel chiralcel HPLC column; n-
hexane : isopropanol = 95:5; Flow rate: 1 mL/min) 
1H NMR (300 MHz, CDCl3): δ 7.13−7.06 (m, 4H, Ar), 3.59 (t, J = 6.63 Hz, 2H, 
CH2OH), 2.67 (td, J = 6.96, 6.96 Hz, 1H, CH3CH), 2.32 (s, 3H, CH3Ar), 1.67−1.40 
(m, 4H), 1.25 (d, J = 6.96 Hz, 3H, CH3CH) ppm 
 
13C NMR (75.4 MHz, CDCl3): δ 144.3 (C), 135.4 (C), 129.1 (2C, CH), 126.8 (2C, 
CH), 63.1 (CH2), 39.4 (CH), 34.4 (CH2), 31.0 (CH2), 22.5 (CH3), 21.0 (CH3) ppm 
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